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A.  A.  Baykov  (Works  of  the  Institute  of  Metallurgy  imeni 
A.  A.  Baykov),  No  5.  Production  Metallurgy,  Physical 
Metallurgy  and  Physicochemical  Methods  of  Research, 
Moscow,  i960,  pages  202-23?.] 


As  is  known,  the  oxidation  of  metals  and  alleys  is  a  com¬ 
plex  crystalloc’nemical  and  kinetic  process  embodying  a  number  of 
other  elementary  processes.  Its  first  stage  is  characterized  by 
direct  interaction  of  the  metal  with  the  oxidizing  reagent  and 
actually  represents  chemical  adsorbtion  (or,  more  exactly,  physical 
adsorbtion,  changing  rapidly*  to  chemical  adsorbtion).  For  almost 
all  metals  and  alloys  this  stage  proceeds  very  rapidly  even  at  room 
temperature  and  is  completed  in  a  few  minutes.  Depending  on  the 
nature  of  the  metal,  oxide  films  of  a  thickness  equal  to  the  size 
of  one  or  two  elementary  cells  of  the  lattice  of  the  oxide  corres¬ 
ponding  to  the  given  metal  are  formed  on  the  surface  (1).  Since 
the  metal-oxygen  system  is  thermodynamically  unstable  (with  the 
exception  of  gold)  in  a  rather  wide  range  of  temperatures,  includ¬ 
ing  room  temperature,  the  energy  of  activation  of  the  oxidation 
process  in  this  stage  has  little  significance  (by  comparison  with 
the  heat  of  formation  of  the  oxide).  An  indirect  confirmation  of 
this  contention  is  the  well  known  fact  of  the  spontaneous  combustion, 
upon  rapid  contact  with  oxygen,  of  the  thin  films  of  many  metals 
obtained  by  the  method  of  evaporation  and  condensation  in  a  vacuum 
on  non-heat-conducting  supports.  This  phenomenon  is  also  character¬ 
istic  of  freshly  reduced  powders.  According  to  the  available  data, 
an  activation  energy  of  9  keal/mol  is  reouired  to  oxidize  beryllium 
at  room  temnerature  (2),  and  8.?  keal/mol  for  molybdenum  (3). 
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Depending  on  the  tine,  this  stage  is  expressed  quantitatively  by  the 
exponential  law  of  oxidation  (with  exception  of  'such  metals  as  sodium 
and  calcium,  for  which  the  linear  law  i.3  observed  already  at  room 

temperature) ♦  With  the  formation  on  the  surface  of  the  metal  of  an 
oxide  film  10-15  1  thick,  the  ox  i  da  tier  pro  cue.-  orc-cacc 


ly  and  practically  stops,  'or  exaaole,  in  nj.umi;rn 


tl.e  ox  j  da  tier  prone.'.-  orocsoch-r  very  slow- 
aaol e ,  in  nXwmiirza  the  ex bie  T'il"i 
of  this  thickness  is  formed  after  a  few  minutes  at  room  terns  e nature, 
whereas  its  further  growth  to  a  thickness  of  40-45  $  takes  40-90 
days  (l).  The  sharp  diminution  of  the  rate  of  the  oxidation  pro¬ 
cess  in  this  stage  is  to  be  explained  by  the  fact  that  the  oxygen 
dees  not  interact  with  the  metal  directly,  since  the  reacting  elem¬ 
ents  —  metal  and  oxygen  —  are  separated  by  the  oxid^  film.  The 
metal  and  oxygen  •’toms  (or  ions)  have  to  pass  through  the  oxide 
film  to  pet  into  contact  and  react  with  one  another.  For  this ,  they 
have  to  possess  such  a  supply  of  kinetic  energy  as  will  permit  thorn 
tc  overcome  the  binding  forces  between  the  metal  and  oxygon  ions  of 
the  lattice  of  the  oxide  formed  by  the  conversion  of  the  free  energy 
of  the  metal-oxygen  system  in  the  first  stage.  This  energy  supply 
at  room  temperature  is  possessed  by  only  a  very  small  part  of  the 
atoms  of  the  system,  in  accordance  with  Boltzmann 1 s  well-known  law 
of  distribution.  Hence,  the  oxidation  process  in  this  stage,  called 
the  secondary,  proceeds  very  slowly  and  practically  ceases  upon  for¬ 
mation  of  an  oxide  film  of  a  certain  maximum  thickness  on  the  surface 
of  the  metal.  For  most  metals,  such  films  have  s  thickness  of  50  £ 
for  room  temperature  and  are  a  protection  against  oxidation  up  to 
200-400°.  Thus,  the  oxidation  process  in  the  secondary  stage  does 
not  occur  without  additional  energy  (activation  energy). 

The  oxidation  process  is  activated  with  comparative  esse  by 
h entire  the  whole  system  or  by  activating  its  gaseous  component,  for 
example  oxygen.  In  the  first  case,  principally  the  metal  and  the 
oxide  phase  are  activated,  since  the  binding  forces  between  the  atoms 
or  ions  in  the  lattices  of  the  solid  phases  weaken  with  the  growth 
of  temperature  and  the  coefficients  of  diffusion  of  oxygen  as  well  as 

In  the  second  case,  principally  the 
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The  rate  of  oxidation  of  a  metal  uoon  heating  is  determined 
by  the  following  basic  factors; 

l)  The  erystallochemical  correcoondencs  between  the  lattices 


2 


of  the  metal  and  the  oxide; 

2)  The  parameters  of  diffusion  of  the  ions  of  the  metal  or  . 
oxygen  through  the  oxide  film  (depending  on  the  type  of  semi-conduc¬ 
tor  to  which  the  oxide  of  the  given  metal  belongs); 

3)  The  phase  and  chemical  conversion  in  the  skin  (especially 
in  the  case  of  many-layered  oxide  films);  and 

4)  The  chase  and  ether  conversions  in  the  metal  itself. 

The  rate  of  oxidation  is  also  affected  by  such  factors  as 
tensions  arising  in  the  dross  owing  to  the  different  volumes  of  the 
metal  and  the  corresponding  oxide;  the  recrystallization  processes  in 
the  dross;  the  rise  of  textures;  the  physicochemical  properties  of 
the  oxides  (stability,  volatility,  melting  point,  expansion  coefficients) ; 
porosity,  plasticity  and  cohesion  of  the  dross  with  the  metal. 

In  the  case  of  alloys  (especially  those  with  many  components) 
the  following  are  to  be  added  to  these  oxidation  factors:  the  thermal 
activity  of  the  alloy  components,  which  determines  the  ion  concen¬ 
tration  in  the  several  alloy  components  at  the  alloy-dross  boundry; 
the  diffusion  parameters  of  these  components  through  the  dross;  the 
secondary  oxidation  and  reduction  reactions  in  the  dross  at  the  alloy- 
dross  boundry;  the  reactions  between  the  oxides  of  the  several  com¬ 
ponents  of  the  dross  type  —  NiO  +  TiC2  =  NiTiO^,  N iOg  +  Al?Oa  - 
NiAl'O^;  the  decomposition  of  oxide  compounds  at  high  temperatures  and 
the  evapo rabidity  of  some  of  them. 

As  may  bo  seen,  the  oxidation  process  is  governed  by  many 
factors  even  in  those  cases  where  the  metal  is  not  under  conditions 
of  simple  [single?]  or  cyclic  stress  and  is  likewise  not  subjected 
to  the  action  of  heating  with  different  frequencies  of  heat  exchange 
and  in  various  corrosive  gaseous  media.  Hence,  in  order  to  examine 
the  oxidation  process  more  broadly  and  deeply,  and  in  general  to  study 
the  mechanism  of  the  interaction  of  metals  with  gases,  it  is  necessary 
to  employ  a  number  of  methods  of  physicochemical  analysis. 

The  oxidation  process  of  metals  at  the  temperature  interval 
from  20°  to  the  temperature  close  to  the  melting  point  proceeds  accord¬ 
ing  to  the  following  time  laws  (of  the  dependence  of  the  growth  in 
weight  Ap  upon  the  time  t: 

1)  The  exponential  or  logarithmic  law:  Ap  =  Kin  (at  +l),  at 
temperatures  from  20  to  200-400°: 

2)  The  cubic  law:  (ApP  =  Kt  +  c,  at  400-500°; 

3)  The  parabolic  law:  (Ap)^  =  Kt  +  c,  for  temperatures 
above  500°;  and 

4)  The  linear  lav  /ip  =  Kt  +  c,  at  high  temperatures.  Tfcese 
intervals  of  temperature  are  conditional,  since  they  are  different 
for  each  metal. 

The  constant  c  bn  the  last  three  equations  determines  only 
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the  presen o e  of  an  oxide  fils-  on  the  vurfaes  of  the  natal  for  the 
moment  of  tine  t  -  0  --  for  example,  it;  formation  in  mechanical 
(«:rintiinc)  °r  chemical  (electric  polishing)  working  of  the  surface 
of  the  .ample.  The  thickness  of  this  original  oxide  f'ln  is  email 
(uo  to  100  f0 ,  hence  it  can  b?  disregarded  in  d-’-termin  l  np  th  ;  rate 
of  nigh-  tew; :cr u iu re  oxidation.  The  constant  V.  in  there  ecruntion.; 
characterises  the  rate  of  the  oxidation  process  and  in  it?  basic 
•parameter . 

La  moat  case?  the  rate  constant  K,  depending  upon  the-  oxida¬ 
tion  temperature,  is  expressed  in  the  form  of  Arrhenius's  equation: 

“  ~  -J*  *  e  -  rrf~  . 

where  A  1?  a  constant  whose  dimension  is  determined  by  that  of  K; 

Q  is  "t-hic  of  tr*  vvvfcj.on  of  trio  ott .1  d 9. t. i o n  c<vlon • 

It  follows  free  thin  equation  that  Ini',  depending  on  i  is 

a  lineai  function.  Hence,  having  constructed,  a  graphic  with  the  coor¬ 
dinates  InX  —  ^  from  the  experimental  values  of  K,  it  is  possible 

to  determine  tie  activation  energy  of  the  oxidation  process  Q  from 
the  tangent  of  the  angle  of  inclination  of  the  straight  line. 

The  activation  energy  is  the  basic  energy  parameter  charac¬ 
ter':  sing  the  oxidation  reaction  “rom.  the  quantitative  ascent  (deter¬ 
mine  gn  the  strength  of  the  binding  forcer,  in  the  lattices  of  the 
oxide  and  metal). 

dy  comes  ring  the  values  of  the  rate  constan  ts  and  energy  of 
activation  for  the  various  metals  in  the  comparable  interval  of  tem¬ 
perature,  it  is  possible  to  rive  an  evaluation  of  their  heat  resis¬ 
tance  at  this  or  that  temperature  and  of  their  suitability  for  arac- 

4*  a  1  it  cr, 

ulv-ux  slots. 

In  case?  where  the  experimental  data  deviate  substantially  from 
this  or  that  lav;  (mostly  the  parabolic  la 4  for  high  temperatures)  of 
oxidation,  the  intensity  of  the  oxidation,  process  is.  characterised 
by  the  weight  method  •■>./  determining  its  mean  rate  during  a  definite 
interval  of  time  for  a  given  temperature .  This  is  what  is  usually 
done  xhen  tests  are  made  of  the  heat  resistance  of  alloys  in  lengthy 
masting?  and  in  determining  durations  of  serviceability. 

Data  on  the  rate  constants  and.  the  activation  energy  of  the 
oxidation  reaction  of  netnls  can  also  be  obtained  by  the  manenetric 
method  from  the  change  in  the  pressure  of  oxygen  in  the  reaction  vas¬ 
sal  coring  to  the  abeorbtion  of  oxygen  by  the  oxidising  metal. 

A  substantial  defect  of  both  these  methods  is  that  In  using 
the:,  to  determine  the  oxidation  rate  it  is  necessary  to  know  the  true 
surface  area  of  the  sanolo,  which  changes  during  the  oxidation  process. 
Hence,  in  practice,  the  growths  in  weight  are  related  to  the  area  of 
the  visible  surface  and  corrections  are  sometimes  introduced  by  multi¬ 
ply  in'-  the  .geometric  area  by  the  coefficient  of  roughness,  which  is 


numerically  equal  to  the  ratio  of  the  true  surface  to  the  geometric 
surface  area  of  the  sample. 

The  true  surface  area  is  determined  from  special  experiments 
with  the  adsorbtion  of  argon  (or  other  inert' gas)  at  the  temperature 
of  liquid  notrogen  (10).  For  a  polished  surface,  this  coefficient 
is  2,  but  for  thin  films  of  metals  obtained  by  the  method  of  evap¬ 
oration  and  condensation  in  a  vacuum,  it  may  vary  from  2-20  or  more, 
depending  on  the  melting  point  of  the  metal  and  the  rate  of  evapora¬ 
tion.  According  to  electronic  microscopy  and  electronography  data, 
the  dimensions  of  the  crystallites  in  the  thin  films  of  such  easily 
fusible  metals  as  magnesium  and  aluminum  are  200-300  and  for  3uch 
metals  as  titanium  and  chromium,  20-30  %,  i.e.,  10-15  times  smaller. 

Of  probably  the  same  order  will  be  the  relationship  between  rough¬ 
ness  of  the  films  of  metals  condensed  on  a  cold  underlay  (podkladka), 
depending  on  their  melting  point.  xhe  roughness  coefficients  of  the 
surface  of  etched  samples  or  of  their  surfaces  obtained  by  reducing 
oxides  with  hydrogen  have  values  from  20-1000,  depending  on  the  methods 
of  etching  and  reduction  (ll). 

However,  in  high-temperature  oxidation  the  original  roughness 
of  the  surface  disappears  during  the  first  few  hours  of  oxidation, 
depending  on  the  heating  temperature.  Thus  for  example,  in  our  exper¬ 
iments  the  roughness  of  the  surface  of  the  samples  of  nlkhrom  [a  nickel- 
chromium-  iron]  alloy,  resulting  from  polishing  on  4/0  emery  paper, 
disappeared  after  5  hours  of  heating  at  600°  and  2-3  hours  at  800- 
900°.  Hence,  the  effect  of  the  original  roughness  on  the  oxidation 
rate  may  be  disregarded  in  protracted  oxidation,  for  example,  25-50 
hours.  The  change  in  the  degree  of  roughness  in  the  oxidation  process 
is  one  of  the  causes  of  the  diminution,  observed  in  our  experiments, 
of  the  values  of  the  rate  constant  of  this  process  depending  on  the 
time  at  a  constant  temperature. 

In  some  cases  practical  workers  use  a  number  of  other  methods, 
by  which  they  judge  the  oxidation  rate  from  the  thickness  of  the 
oxide  (and  other) films  forming  on  the  surface  of  metal  samples,  depend¬ 
ing  on  the  temperature  and  time  of  heating.  To  these  methods  belong: 

1)  Optical  —  from  the  change  in  coloring  (interference),  from 
the  change  in  the  coefficient  of  ellipticity  from  thickness  (polar¬ 
ization),  and  from  the  change  in  the  original  intensity  of  light  from 
thickness  owing  to  adsorbtion; 

2)  Electric  —  from  the  change  in  electro-conductivity;  and 

3)  Electrochemical  —  from  determination  of  the  amount  of 
electricity  needed  to  reduce  the  oxides. 

All  these  methods,  described  in  sufficient  detail  in  (12,  13, 
and  14) t  are  also  applicable  to  comparatively  thin  films  of  oxides 
in  cases  where  the  optical  or  electric  constants  of  the  forming  oxides 
are  known. 

Thus,  with  the  aid  of  kinetic  methods  it  is  possible  to  deter- 
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mine  the  two  basic  parameters  of  the  oxidation  process:  the  rate 
constant,  or  average  oxidation  rate,  and  the  activation  energy  of 
this  process.  However,  on  the  basis  of  data  on  these  parameters 
alone,  it  is  not  possible  to  explain  the'  mechanism  of  the  oxidation 
of  metals  and  alloys  and  to  solve  the  questions  concerning  their 
protection  from  gas  corrosion.  Hence,  alongside  of  kinetic  methods, 
it  is  necessary  also  to  apply  analytic  methods: 

1)  Chemical  analysis; 

2)  Structural  analysis  (radiographic,  electrographic, 
raeutronographic ,  metallographic ,  and  electron-microscopic;  and 

3)  Isotopic  methods  (methods  involving  radioactive  and  stable 
isotopes). 

Supplementary  methods  permi-iting  one  to  determine  the  physico¬ 
chemical  properties  of  metal  and  oxide  systems  and  first  and  foremost 
the  bond  energy  in  their  lattices  are  the  thermographic  and  colori¬ 
metric  methods  of  determining  the  energies  of  sublimations  and  activ¬ 
ities,  as  well  as  of  the  character  of  conductivity  (determination  of 
the  Hall  coefficient)  and  the  coefficient  of  thermal  expansion. 

Below  is  given  a  description  of  the  weight,  structural  (except 
radiographic  and  neutronographic )  and  isotopic  methods  of  investiga¬ 
ting  the  process  of  oxidation  of  metals  and  alloys. 

WEIGHT  METHODS 

Sy  means  of  weight  methods  the-  oxidation  rate  at  a  given  temper¬ 
ature  is  determined  either  by  the  growth  in  wieght  or  by  the  loss  of 
weight  of  the  sample  (in  the  case  of  volative  oxides  under  oper¬ 
ating  condition)  per  ur.it  of  time  and  per  unit  cf  its  geometric  sur¬ 
face.  The  weight  increase  of  samples  in  the  oxidation  process  is 
determined  by  continuous  or  discontinuous  weighing. 

•‘■ho  mehtod  of  determining  the  oxidation  rates  by  loss  of  weight, 
as  well  as  the  results  of  investigation  as  to  gas  corrosion  in  various 
gaseous  media  and  under  various  conditions  of  cyclic  loading  of  the 
sample,  are  described  in  0-5  and  16) .  The  weight  increase  of  samples 
due  to  oxidation,  when  weighed  either  continuously  or  diseontinuously, 
is  determined  on  an  oridinary  microanalytic  balance  with  a  sensiti¬ 
vity  of  2‘10"5  g  per  graduation  of  the  optical  scale  of  the  reading 
mi  c rose ope. 

As  a  rule,  the  sample  during  the  whole  experiment  should  be 
in  one  and  the  same  crucible,  tempered  to  a  constant  weight  at  a  tem¬ 
perature  200-250°  higher  than  the  miximum  temperature  of  investigation. 
It  ir,  best  to  use  thin-walled  corundum  crucibles,  which  have  a  small 
weight  .and  acquire  a  constant  weight  when  tempered  for  4-50  hours 
at  1350°.  Only  in  cases  where  it  is  known  that  the  oxide  films  do 
not  peel  off  of  the  camples  and  do  not  crumble  is  it  oossible  not 
to  use  crucibles  in  heating  samoles. 
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value;:  of  tb-  weight  incr-'’ ; ;*."  and  for  tie 
of  the  oxidation  mcehssvi sr.  an  a  vhole.  Thiv  -cthod  cr»n  ee  used  to 
determine  mor?  accurately  the  surface  temperature  end  weight  increase 
of  the  samples  than  in  the  care  ;.f  continuous  w«i  gi*  luapr.  But  it; 
essential  defect  is  that  in  cyclic  heating  and  cooling,  the  dross 
in  :one  case?  reels  off  of  the  sample  partially  or  entirely  a?  a 
result  of  mechanical  shearing  tensions •  The  latter  are  set  up  in 
it  by  the  different  coefficients,  of  thermal  expansion ,  as.  well  as 
by  the  different  volur-er  of  the  metal  and  the  corresponding  volume 
of  the  oxide.  After  each  heating  and  before  ovi thing,  the  samples 
in  the  crucibles  should  he-  cooled  and  keot  in  s  drier  with  calcium 
chloride  or  some  other  absorber  of  water  vapor.  All  the  weighing 
operations  are  especially  complicated  if  the  experiments  relating  to 
oxidation  are  made  in  pure  oxygen. 

In  continuous  weighing,  the  sample  during;  the  whole  experi¬ 
ment  is  not  taler,  out  of  the  reaction  tube  or  electric  oven  ’when  oxi¬ 
dised  in  air.  The  change  in  weight  is  read  periodically  at  specific 
intervals  from  the  seals  cf  the  measurin'*  micro.-* cope  or  is  recorded 
by  a  photoelectric  recorder  and  an  electron:' c  potentiometer  (one  of 
the  successful  systems  of  recording  ’weight  change  is  described  in 
il?j)«  Ti-.-  main  difficulty  in  weighing  In  this  case  is  that  cf  elim¬ 
inating  vertical  and  horizontal  oscillations  due  to  dici -lacec-.cn t 
of  air  (or  oxygen),  end  alec-  to  vibrations  caused  by  compressors  and 
rump'.  By  cits  in' ting  vibrations  and  oscillations  in  the  wleghing 
installation  when  ussr*  the  sal f-rocerding  system  cf  v;ieght  change  in 
camples  it  oosoible  to  obtain  the  kinetic  curves  of  oxidation  of 
ret  a!.*  .■••cm. -id  archly  more  rapidly  than  by  discontinuous  weighing.  It 
is  '•■eve  advisable  to  .make  the  cent inn on '-weighing  installation 
hermetic,  which  will  permit  experiments  relating  to  oxidation  in 
pure  oxygen  or  in  core  other  gaseous  oxidizing  medium  of  prescribed 
comoo  s  i  hi  on . 

In  continuous  weighing,  the  oxidation  rate  of  the  sample  is 
not  affected  by  the  factor  of  alternate  heating  and  cooling,  which 
results  in  cracking  and  peeling  of  the  dress.  However,  under  real 
conditions;,  articles  of  metal?  or  alloys  are  used  under  cyclic  ten¬ 
ners  tura  regimes,  Hence,  in  evaluating  the  corrosion  re  si  stance 
of  this  or  that  material,  one  cannot  base  one's  conclusions  solely 
on  trie  data  on  their  oxidation  rate?  obtained  by  the  continuous 
weighing  method.  Moreover,  in  ascertaining  the  oxidation  irschar ! am, 
-.rich  factor?  affecting  the  rate  of  reaction  as  the  '.-eel In-  of  the 

Mir  fori  up  alternate  !-  1  •.  -  ?-.]  jpilinjj  swat  be  elsm-nited. 

vrHcnt  that  only  by  applying  both  these  methods  to  one 
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'  same  objects  can  one  obtain  fuller  and  more  reliable  data  both  on 
the  rate  constants  of  the  oxidation  process  and  on  the  heat  resis¬ 
tance  of  the  materials  investigated. 

In  view  of  the  fact  that  the  discontinuous  weighing  method 
permits  simultaneous  experiments  in  the  oxidation  of  metals  with 
many  objects,  one  can  choose  such  a  quantity  of  samples  as  to  com¬ 
bine  the  processes  of  continuous  and  discontinuous  oxidation. 

For  this  purpose,  and  to  investigate  the  determination  of 
the  structure  and  composition  of  the  dross,  it  is  necessary  to  pre¬ 
pare  22  samples  entirely  alike  in  composition  and  degree  of  surface 
roughness.  Then,  proceeding  from  the  calculation  that  in  an  exper¬ 
iment  lasting  25-50  hours  it  is  necessary  to  obtain  8  points  to  con¬ 
struct  the  kinetic  oxidation  curve  on  weight-growth  and  time  coordi¬ 
nates,  one  can  take  out  and  weigh  five  samples  after  definite  inter¬ 
vals  of  time.  Thus,  for  each  point  of  the  kinetic  curve,  five  weight- 
growth  values  will  be  obtained,  three  of  which  are  for  samples  of 
discontinuous  oxidation  and  two  for  samples  of  continuous  oxidation. 

The  last  two  samples  are  then  used  for  the  electronographic  and 
meatllographic  investigation  of  the  micro structure  of  that  point. 
Furthermore,  the  dross  of  these  samples  can  also  be  used  for  its 
chemical  analysis.  J>'hree  of  the  22  samples  will  oxidize  continuously 
for  25  or  50  hours.  To  construct  the  graph  and  determine  the  value 
of  the  activation  energy  it  is  necessary  to  determine  the  value  of 
the  rate  constant  for  various  temperatures.  Consequently,  88  samples 
are  required  for  a  full  kinetic  and  structural  investigation  at  four 
heating  temperatures. 

A  peculiarity  of  this  method  is  that  it  makes  it  possible  to 
obtain  for  the  points  of  the  experimental  kinetic  oxidation  curve  data 
on  the  mean  oxidation  rate,  the  phase  and  chemical  composition  of  the 
dross,  and  also  on  its  micro structure.  Ordinary  muffle  furnaces 
may  be  used  to  heat  the  samples  in  air.  In  heating  in  gaseous  media 
of  the  prescribed  composition,  it  is  more  advisable  to  employ  cylin¬ 
drical  horizontal  furnaces,  in  which  it  is  convenient  to  heat  the 
reaction  tube  (up  to  80  mm  in  diameter  and  one  me^er  long).  The  latter 
is  usually  made  of  quartz  or  synthetic  raullite  and  zirconium.  Slides 
Slides  or  couplings  of  "pyrex"  glass  are  used  to  connect  with  pumps 
and  other  devices  of  molybdenum  glass.  The  furnace  should  be  suffi¬ 
ciently  long  in  extent  and  have  a  constant  temperature.  It  is  best 
to  place  the  crucibles  in  a  plate  (or  quartz  or  the  oxides  BeO,  AI2O3) 
with  apertures  for  them.  Here  it  is  necessary  to  see  to  it  that  no 
particles  of  extraneous  matter  adhere  to  the  crucibles  and  that  the 
weight  has  not  been  increased  through  interaction  between  the  crucibles 
and  the  material  of  the  underlay.  The  best  material  for  underlays  (or 
bushing  in  the  form  of  rings)  for  the  crucibles  in  this  case  is  plat¬ 
inum.  The  sample  should  touch  the  wall 3  of  the  crucible  only  at  a 
few  points.  This  condition  is  easy  to  fulfill  if  it  is  inclined  to 


-  8 


the  vertical  axis  of  the 
the  cold  Rene  to  the  hot 
magnet . 


crucible.  Samples  car.  be  shifted  from 
acne  of  the  tube  by  laear.r.  of  an  cO  ectro- 
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It  Is  especially  advisable  to  employ  the  eor.tinuoue  weigh¬ 
ing  method  cases  where  the  kinetics  of  the  interaction  of  metals 
'with  rare  oxygen  (or  other  ga:s.)  is  being  investigated,  begin/ting 
with  the  orinsry  stare  of  adsorhiion  and  ending  with  the  formation 


the  chest! eal  cojr.nouncs. 


In  this  case,  a  t:.-rn.i.on  balance  with 


a  sensitivity  of  10w?  to  10“'-*  p  is  commonly  used  ("it*  1). 

(Itote:  Yu.  i5.  Lebedev  took  part  in  r  .storing  the  use  of 
balance . ) 
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leg-uvi  • 

1}  Coxmherve  ight ;  ?)  water- 

cooled  slide;  j)  trap  to  ha 
filled  with  liquid  nitrogen; 

4)  window  with  plane -parallel 
wills  for  reading  deflect  ions 
of  bears.;  5)  "oearu  support; 

6)  thermocouple;  7)  movable 
electric  contact;  3)  elec¬ 
tric  current  lea  .' -ins; 

9)  sample;  and  10/  refriger¬ 
ator. 


Figure  1.  Scheme  of  Vacuum  ^orsion  Balance 
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Figure  2 


Legend: 


I  (top)  —  Supporting  Frame:  l)  Solder  of  AgCl;  2)  fused 
quarts;  3)  counterweight;  4,  5)  tungsten  wires  25  and  50 
r,k  in  dimeter;  and  6)  reading  microscope. 

II  (bottom)  —  Beam:  1)  Center  of  gravity  of  beam;  2)  beam; 
and  3)  supporting  frame. 


It  consists  of  two  identical  vortical  glass  tubes  welded 
together  by  a  third  horizontal  one  in  the  form  of  the  Cyrillic  let¬ 
ter  Tf  «  In  the  horizontal  tube  is  palced  the  frame  with  the  twist¬ 
ing  tungsten  filament  welded  to  it,  and  with  the  beam  welded  to  the 
middle  of  thi  ■;  filament.  xhe  frame  and  br.;j»  are  made  of  quartz ,  and 
the  welding  is  done  everywhere  with  silver  chloride.  The  beam  is  usual¬ 
ly  made  of  bars  of  fused  quartz  of  a  .constant  diameter  throughout 
their  length. 

The  beam,  150  mm  long  and  2  mm  in  diameter,  is  welded  30 
that  its  center  of  gravity  is  0.20-0.30  ram  lower  than  the  point  of 
support.  This  is  accomplished  by  bending  the  quartz  bar  at  two 
points  symmetrically  distant  from  its  geometric  center;  the  point 
of  support  of  the  beam  and  the  points  of  suspension  of  the  filaments 
bearing  the  sample  to  be  weighed  and  the  counterpoint  should  lie  in 
the  same  plane  (Fig.  2).  Homs  are  welded  to  the  ends  of  the  beam 
and  a  tungsten  filament  is  soldered  to  them.  Hooks  for  suspending 
the  sample  and  counterwieght  are  fastened  to  the  middle  of  this  fila¬ 
ment  by  means  of  silver  chloride.  The  hooks  and  filaments  for  the 
suspension  are  made  of  quartz,  ^'he  horizontal  tube  and  one-third  of 
the  length  of  the  vertical  tubes  can  be  made  of  molybdenum  glass; 
the  remainder  of  the  tubes  are  made  of  quartz  or  fused  aluminum 
oxide.  i'h<3  coupling  between  the  quartz  part  of  the  tube  and  the 
molybdenum'  tube  is  made  either  with  a  special  glass  composition  hav¬ 
ing  a  thermal-expansion  coefficient  intermediate  between  quartz  and 
molybdenum  glass,  in  the  case  of  whole  tubes,  or  these  parts  of  the 
tubes  arc  united  by  means  of  slides.  xho  lubricant  vapor  of  the 
slides  is  frozen  out  by  liquid  air  poured  into  a  special  trap  over  the 
slide  (see  Fig.  1). 

In  the  vertical  tubes  are  placed  metal  diaphragms  which,  having 
small  apertures  through  which  to  pass  the  suspension  filaments  for 
tb*  .ample  and  counterweight,  reduce  the  intensity  of  the  convection 
currents  during  the  experiments  at  high  temperatures,  Ihey  further¬ 
more  promote  the-  cooling  of  the  hot  masses  of  air-,  since  there  are 
traps  with  liquid  air  and  running  water  circulating  around  them  at 
thf  places  where  these  diaphragms  are  located. 

The  whole  glass  part,  of  the  weighing  assembly,  with  a  high- 
vacuum  oil  diffusion  pump,  measuring  lamps  and  a  flask  for  oxygen, 
i.v-  mounted  on  a  massive  steel  frame  soldered  to  a  steel  plate  3  cm 
thick  and  yo  X  50  cm  square.  xo  protect  the  balance  from  vibration, 
tennis  balls  (about  100)  are  used,  on  which  the  plate  of  the  weigh¬ 
ing  assembly  is  sot.  A  ralcroporcus  rubber  mat  is  placed  under  the 
pre-vaevum  ( f orvakuumnyy )  pump,  and  a  rubber  co5.1  uniting  the  pump 
with  the  balance  is  firmly  fastened  to  the  wall.  However,  it  is 
difficult  to  eliminate  vibration  entirely,  ©specially  in  weighing  in 
a  high  vacuum  mm  of  mercury).  In  this  case,  the  pro- vacuum 

pump  is  turned  off  during  the  experiment,  and  the  high-vacuum  diffu- 
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sior»  pump  eodisnats  into  a  previously  evacuated  spare  flask  (up  to 
10~'  of  mercury) •  The  high  vacuum  cat,  be  maintained  in  the  system 
by  turri-ng  off  both  pumps  with  the  aid  of  traps  filled  with  activ¬ 
ated  carbon  and  cooled  with  liquid  nitrogen.  Titanium  or  zirconium 
in  the  form  of  a  wire  or  foil  can  be  sued  for  this  purpose,  doth 
these  metals  absorb  large  ounritities  of  nitrogen  and  oxygen  when 
heated  to  700—500°.  In  'reaching  a  high  vacuum  (  10“'wvci) ,  the  unit 

should  be  flushed  several  times  with  on  inert  gar  (argon  of  spectral 
•purity).  In  this  case  the  panes  and  the  water  and  libricant  vapors 
giver,  off  from  trio  several  parts  of  the  unit,  especially  from  the 


one er>,  arc  removed  more  quickly.  Furthermore,  the  residual  gas 
ir.  the  apparatus  at  a  pressure  of  10—  mr  will  be  an  inert  gas. 
such  precautionary  measures  have  to  be  taken  ir  obtaining  fine  layers 
of  metal  in  a  vacuum  and  using  them  subsequently  as  objects  for  exam¬ 
ining  the  adoorbtion  or  oxidation  processes,  as  well  as  in  cases  where 
the  rate  of  evaporation  of  the  Metals  is  being  determined • 

The  basic  parameters  of  the  torsion  balance  are  sensitivity, 
bibrat ion  period,  and  limit  weight  of  charge,  which  can  be  determined 
on  the  balance  with  controlled  precision.  ineye  basic  parameters 
are  closely  related  to  one  another,  so  that  a  change  in  one  of  them 
causes,  a  change  in  another.  Hence,  in  choosing  this  or  that,  balance 
design,  one  is  governed  chiefly  by  what  problems  it  is  intended  to 
solve.  If,  for  example,  the  problem  3a  posed  of  investigating  the 
oxidation  mechanism  of  any  metal,  beginning  with  the  ndsorbtion  stage, 
then  the  weight  of  a  one-molecule  layer  of  oxygen  equivalent,  to  3»  51* 
10—  y  for  an  area  of  1  aq  err,  must  bo  determined  on  the  balance. 

The  basic  parameter  of  the  equal-armed  beard  balance  —  the 
sensitivity  —  is  determined  by  the  ratio  of  the  angle  of  deflection 
of  the  beam,  to  the  overload.  <&p,  which  produced  this  deflection,  i.e., 

vt  =  .~.5L  radian/g. 

^  F 

In  this  expression,  the  ratio  of  the  displacement  of  the  beam, 
determined  fron  tie  scale  of  the  measuring  microscope,  to  the  length 
of  the  arm  I  of  the  beam,  may  be  substituted  for  the  angle  (because 
of  its  small  sice): 

-  _IL 
1AP  ’ 

’where  h  is  the  displacement  of  the  beam. 

donee,  in  practice  the  sensitivity  of  a  given  balance  (with 
proscribed  1)  it  determined  by  the  size  of  the  displacement  of  the 
beam  relative  to  the  sice  of  the  overweight  causing  this  displacement. 
In  most  co see  the  sensitivity  of  the  balance  is  expressed  in  grams 
per  graduation  of  the  microscale  of  the  measuring  microscope,  which 
•in  ordinary  microscopes  with  a  micro-ocular  attachment,  corresponds 
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to  10  rnk. 

Instead  o?  this  microscope,  an  GKO -6  microscope  with  a  1  mk. 
graduation,  value  can  be  used.  Ouch  sensitivity  is  determined  exper¬ 
imentally  Iron  the  striught  line  of  graduation.  Fox*  this  purpose, 
batches  of  0.1,  0.2,  0.3  nr,  etc.,  weighed  with  precision  on  the 
R&croanalytic  balance,  are  taken  and  suspended  from  one  of  the  ends 
of  the  beam,  and  the  size  cf  the  displacement  of  the  other  end  is 
found  with  the  aid  of  the  microscope.  The  value  of  4r>  is  deter¬ 
mined  from  the  straight  line  of  gradu.at5.onby  dividing  the  weight  of 
the  charge  by  the  ruriber  of  scale  units  of  the  displacement  of  the 
beam  on  the  micro scope  scale.  To  make  a  balance  with  a  sensitivity 
of  g,  with  an  oscillation  period  of  3  seconds  for  a  sample 

weighing  0. 5-0*8  g,  it  is  necessary  to  make  a  bean  15-16  cm  long  of 
fused  quarts  in  the  foil’  of  a  bar  1.3-2  asm  in  diameter.  A  tungsten 
wire  25  ids  in  diameter  and  25-30  mm-  long  should  be  used  as  support¬ 
ing  filar  onto,  '^he  distance  from  the  point  of  support  to  the  center 
of  gravity  should  be  0.3-0.b  m.  The  threshold  of  sensitivity  may 
be  lowered  to  10 g  by  diminishing  the  weight  os'  the  sample  to  sore 
tenths  of  a  milligram,  making  the  diameter  of  the  support  filaments 
5-10  mis  and  bringing  the  distance  from  the  center  cf  gravity  to  the 
point  of  support  down  to  C.10-C.15  mm. 

Quart?,  f 2 laments,  which  are  more  stable  with  respect  to  tem¬ 
perature  changes,  arc  often  used  instead  of  tungsten  filaments. 
However,  it  is  hard  to  prepare  them  and  still  more  difficult  to  assem¬ 
ble  them. 

While  it  is  comparatively  easy  to  achieve  great  sensitivity 
in  the  balance,  it  is  considerably  harder  to  attain  great  precision 
in  weighing,  inasmuch  as  the  precision  of  the  determination  of  change 
in  the  weight  of  the  sample  in  itr  oxidation  process  for  any  ideally 
designed  balance  i:>  affected  by  throe  basic  factors:  vibration ,  change 
of  temperature,  and  pressure  in  the  balance  space  and  the  suspended 
charges. 

effect  of  vibration  can  be  completely  eliminated  in 
only  two  ways.  One  of  then  is  to  keep  the  balance  beam  with  the  sup¬ 
port  frame  and  suspended  loads  in  the  weighed  state,  for  example,  by 
a  field  (as  in  the  case  of  melting  metals,  without  a  crucible)  within 
the  casing  or  reaction  tubes  of  the  balance.  Another  method  consists, 
on  the  other  hand,  of  creating  a  fim  mechanical  connection  of  the 
whole  structure  of  the  balance  with  the  mass  of  the  ground.  For  this 
purpose,  the  massive  pedestal  or  substructure  of  the  balance  must 
be  lot  into  the  ground  to  a  depth  considerably  greater  than  the  foun¬ 
dation  of  the  building  itself  and  the  substructure  of  the  compressor 
and  punping  installations.  Our  experiment  in  using  tennis  balls  and 
massive  support  plate?,  to  absorb  vibration,  as  well  an  in  replacing 
pumps  for  maintenance  of  a  oerwanent  vacuum  in  the  weighing  instal¬ 
lation  by  gas -absorbing  materials,  has  yielded  positive  results. 
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As  a  very  simple  means  of  protecting  the  balance  from  oscilla¬ 
tions  of  great  amplitude,  which  may  result  from  resonance  or  the  acci¬ 
dental  rapid  admission  of  gas  into  the  balance  space,  it  is  useful 
to  restrict  the  movement  of  the  beam  by  two  slightly  taut  wire3  of 
tungsten  25-3 0  ink  in  diameter  welded  to  the  two  sides  of  the  beam 
at  a  distance  .somewhat  greater  than  the  deflection  of  the  boar,  that 
is  the  maximum  admitted  by  the  scale. of  the  reading  microscope, 

the  effect  of  the  temperature  factor  is  determined  by  calibra¬ 
ting  thebalance  for  each  working  temperature.  The  correction  coef¬ 
ficient  determined  from  these  calibration  lines  with  a  balance  sen¬ 
sitivity  of  3  •  10“''  g  should  be  6  •  lO-'g^C.  reduce  the.  effect 
of  the  temperature  factor  the  part  of  thebalance  in  which  the  beam 
with  the  supporting  frame  is  located  is  put  into  an  air  thermostat, 
in  which  the  temperature  is  kept  somewhat  above  room  temperature. 

The  pressure  factor  affects  the  change  of  weight  in  the  sample 
and  counterweight  due  to  buoyancy.  To  eliminate  it,  the  sample  and 
counterwieght  should  be  made  of  one  and  the  same  material-,  and  the 
counterweight  should  differ  from  the  weight  of  the  sample  by  0.2$. 

With  identical  values  of  weight  and  volume,  the  sample  and  the 
counterweight  must  have  entirely  different  surface  sizes.  Hence, 
the  counterweight  must  be  made  in  the  form  of  a  ball  with  an  ideally 
polished  surface,  and  the  sample  in  the  form  of  a  sheet-iron  or  foil 
plate  with  a  surface  of  10  or  100  times  larger  than  the  surface  of 
the  counterweight.  In  determining  the  quantities  of  gases  absorbed 
by  the  sample,  a  correction  must  be  made  for  the  absorbtion  of  the 
gas  by  the  counterweight. 

The  conditions  of  operating  the  balance  are  considerably  can- 
plicated  in  investigating  the  kinetics  of  the  oxidation  of  metals 
at  raised  and  high  temperatures.  On  the  one  hand,  it  is  necessary 
to  place  both  ends  of  the  beam  and  the  sample  with  the  counterweight 
under  identical  temperature  conditions  in  order  to  reduce  the  effect 
of  the  temperature  factor  and  convection.  On  the  other  hand,  the 
samples  with  their  counterweights  must  be  of  one  and  the  same  mater¬ 
ial  in  order  to  eliminate  the  effect  of  buoyancy.  In  this  case,  one 
endeavors  to  select  a  counterweight  of  oxides  of  the  same  density 
(as,  for  example,  quartz  in  the  oxidation  of  aluminum)  or  a  counter¬ 
weight  of  the  same  material  Is  welded  into  a  thin-walled  quarts  tube. 
Or,  finally,  the  upper  part  of  the  balance,  in  which  the  supporting 
frame  with  the  beam  and  counterweight  is  located,  is  palced  in  a 
thermostat  and  the  balance  is  graduated  for  each  working  temperature. 
Allowing  for  these  corrections,  a  change  of  10“'  g  +  20$  and  10“°  g 
+  10$  in  the  weight  is  observed  whra  the  zero  position  is  stable. 

To  remove  charges  from  the  walls  of  the  horizontal  and  vertical 
tubes  (especially  when  the  suspension  filaments,  the  support  filaments, 
and  the  tubes  themselves  are  made  of  quartz),  their  inner  surface  is 
covered  with  a  thin  platinum  film,  which  is  grounded. 


Figure  3 

Legend:  I  (left)  — Type  of  Winding  in  Which  No  Magnetic  Field  is 

Produced:  1)  Porcelain  cylinder:  2)  wire  1.?  rrr;  in  diameter 
of  Kornilov  alloy;  3^  thir:  porcelain  tubes. 

II  (right)  —  Vacuum  Hooting  Furnace  of  Molybdenum  Tape: 

1)  Weld  of  “nyver"  glass  vith  porcelain;  ?)  exhaust  for 
evacuating  the  outer  jacket;  3)  exhaust  for  evacuating  the 
Inner  tube;  h)  lead-in  of  tungsten  wire;  5)  nulti-strand 
lead-in  wire  of  nickel;  6)  platinun-platino rhodium  thermo¬ 
couple  (10#  rhodium) ;  7)  MacDaniel  porcelain  (synthetic 
mull it o) ;  8)  molybdenum  taps;  9)  distance  ring  of  alunchun; 
10)  inner  tube ;  11 )  outer  tube;  12)  heater  vith  bifi.lar 
binding  of  molybdenum  tape;  and  13)  plat ini  i  m-pla  tinorh  cd  ivxn 
thermo con pie . 

/  A  j  ~  *0  the  microweight 


Cylindrical  furnaces  with  bifilar  winding  or  with  the  winding 
shown  in  Fig.  3.  I.  are  used  as  heating  elements. 

The  temperature  of  the  sample  is  measured  with  a  thermocouple, 
the  ball  of  which  is  in  contact  with  the  other  sample  exactly  like 
the  one  being  weighed,  and  is  located  as  near  as  possible  to  the 
latter. 

The  reaction  tube  Is  most  simply  manufactured  from,  quarts.  But 
quartz,  beginning  at  800° r  conducts  oxygen;  hence,  for  experiments 
in  the  temperature  interval  800-1000°,  it  is  necessary  to  use  a  tube 
with  double  walls,  and  the  air  must  be  pumped  out  of  the  space  between 
them.  A  model  of  such  a  tube  with  a  heater  of  molybdenum  tape  installed 
between  its  walls  is  shown  in  Fig.  3,  II  (19).  At  temperatures  of 
1000-1400°  the  best  material  is  aluminum  oxide  (<£—  AlgOj)  and  a?  so 
3e0.  These  oxides  undergo  no  phase  conversions  and  do  not  possess 
any  noticeable  evaporability  in  this  area  of  temperatures.  The  oxide 
compounds  of  the  MiAlpOh,  2rSi04,  nSiOp,  mAlgG^  type  decompose  in 
a  vacuum  at  temperatures  above  1300°. 


Legend:  1)  Trap  for  liquid 
nitrogen :  2)  quartz  beam; 

3)  Plane -parallel  glass; 

4)  reading  microscope; 

5)  counterweight ;  6)  sup¬ 
port  (place  where  beam  is 
soldered  with  tungsten 
filament);  7)  evacuation 
tap;  8)  target;  9)  outlet 
for  heating  target  in 
degas if icailon;  10)  massive 
copner  plate  for  cooling 
collimator;  11)  colli¬ 
mator;  12)  evaporator; 

13)  thermocouple; 

14)  water  cooling; 

15)  air  thermostat;  and 

16)  ionization  lamp  for 
measuring  vacuum. 


Figure  4.  Scheme  of  Vacuum  Microbalance 
for  Determining  Heat  of  Sublimation  and 
Activity  of  Components  of  an  Alloy 
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are  considerably  increased. 

Tho  anode  pari  or  the  gun  is  a  cop- shaped  half-cylinder 
with  thick  walls  (usually  of  copr.er  to  carry  off  heat),  in  the  bet¬ 
tor:.  of  which  is  fastened  the  -mods  diaphragm  (or  diaphrag  m  tube  with 
two  diaphragma).  Tki  ■;  half-cylinder  Is-  .joined  either  v.f  U-  trie  lover 
part  of  tie  gun,  with  tho  flange  uniting  it  with  the  condenser  sys¬ 
tem  (ir.  the  case-,  of  513-33  guns),  or  directly  with  the  condenser  (in 
the  case  of  porcelain  guns) . 

-he  size  of  the  apertaro  of  tho  anode  diaphragm  nay  be  50-100 
ink,  if  they  are  the  primary  source  of  electrons,  or  2-3  nan,  if  tho 
ar.ertr.res  in  the  cathode  diaphragm  serve  as  this  source*. 

The  anode  part  of  the  gun,  as  well  as  the  whole  body  of  the 
electronograph ,  is  grounded,  fo  render  the  cathode  and  anode  dia¬ 
phragm.:  coaxial,  tho  cathode  cylinder  or  tho  anode  diaphragm  is  made 
movable  by  means  of  a  sil>fon  (?)  in  two  mutually  perpcndS  cult 
directions  in  she  horizontal  plane.  In  designing  the  electron  gun 
(32),  it  is  necessary  to  take  into  account  the  fact  that  the  elec¬ 
tron  bean  formed  in  it  by  means  of  the  diaphragms  and  the  focusing 
cylinder  was  of  groat  intensity  and  had  a  small  diameter  at  the  level 
of  the  aperture  diaphragm  of  the  focusing  lens.  The  solution  of 
this  problem  encounters  groat  difficulties,  consisting  in  the  fact 
that  in  order  to  obtain  a  point  source  and  email  electron  boars 
size,  one  hat  no  use  diaphragms  with  small  apertures,  which  greatly 
reduce  the.  intercity  and.  still  produce  a  divergent  beam. 

The  divermorit  beam  is  poorly  focused  by  tho  1l»us>  since  its 
spherical  aberration  is  directly  proportional  to  the  cube  of  tho 
radius  of  the  beam  at  tho  level  of  the  middle  cf  the  non-w&gnetic 
clearance  of  the'  ler^,  To  reduce  this  aberration  it  is  necessary 
to  limit  the  bourn  by  a  diaphragm  with  an  aperture  cf  small  diameter 
(.-*<!  rf-'.OO  mk),  placing  it  ir.  the  middle  or  above  the  non-magnetic 
clearance  of  tho  le^S-  In  this  inarm  wr,  tho  electron  gsm,  both  ir'; 
the  RK-dem  electronic  microscopes  and  in  the-  el cotronograr.-h s ,  does 
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moans  of  tho  focusing  system,  the  electron  beam  is  definitively 
ferae;;  in  its  vide?:  at  the  level  of  the  sample*  and  An  sharpness 
a.-;  the  screen  or  photo  plate .  The  magnetic  -  focusing  system  rrast 
not  reduce  the  intensity  of  the  electron  beam  formed  by  the  gun, 
and  must  not  prodace  an  enlarged  image  of  the  primary  source  of 
electrons  on  the  screen  or  nhotooia  te. 
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Legend: 

I.  Path  of  Electron 
Beam  to  Lensi 

1)  filament; 

2,  3)  diaphragms; 
4)  size  of  beam  b. 
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II.  Scheme  of  Arrange¬ 
ment  of  Electronic 
Optical  Elements  and 
Fath  of  Says  in 
ELectronograph  with 
Two-lens  Condenser: 

1)  filament; 

2)  first  and  second 
anode  diaphragms; 

3,  6)  diaphragms; 

4,  ?)  lenses; 

5)  eff ective  source 
of  electrons; 

8)  sample ; 

9)  screen. 

III.  Scheme  of  Path 

of  Rays  Whon  Photo¬ 
graphing  Simultaneous¬ 
ly  for  Reflection  and 
Passage  of  Rays: 

1)  sample; 

2)  thin  film  of  alum¬ 
inum; 

3)  diaphragmed  rays 
from,  massive  sample; 

4)  diaphragmed  rays 
from  aluminum  film; 

5)  photo  plate. 


M 

Figure  7 


In  the  case  of  the  one-lens,,  focusing  system  the  lens  i 
be  placed  at  an  equal  distance  a  from  the  primary  source  of  el' 
trons  and  from  the  screen  b;  then  it  will  not  produce  an  enlari 
(x  =  b/a)  of  the  size  of  the  primary  source.  In  modern  electr- 
graphs,  the  distance  from  the  lens  to  the  screen  is  35-70  cm. 
sequently,  in  order  to  avoid  enlargement  of  the  image  of  the  s< 
by  the  lens  .  the  distance  from  the  primary  source  of  electron 
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the  inter-pl  ran  distances  Zld  -  ch  —  —  ?.  change  of  the  magni¬ 

tude  of  &  r.  .In  the  radii  of  the  rcarv-rt  diffract,  ion  rings  (for 
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it  in  i_r>  r>  T"  v.al  ’  ■■■  of  the.  difference  hotViOer  tho  antor—  f  .  r  y  a  ■■  f  w.  eo ..  oi 
the  in h* ice  of  the  crystal;;  of  a  given  rubvtaucc,  for  vh.‘ v.V,  t*  e 
re.fi  octioru.  frc,s  i  the  correspond  it  •  p  tor;  .-w’'r  cot  *,d  -.vi  c  +  £  d)  tre 
r  >r..;rot*vi  in  th?,  *?..e  :  trorocr'r ,  i  the  rod.'  *  of  f.vs  urn  met  two 
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the-  mmeu.  fhf  sine  of  the  prim:  yy  election  source-  is  fixed  by 
the  oft  outre:)  pen »  but  in  no  vr  ease:-.,  In  electron©  iropho  in  which 
no  '  fo : t  a f  i  ©patty?*  voltage  3s  an r. 3 led  to  the  focusing  cylinder 
h  the.  gun,  on  aperture  1.1  rra  in  diameter  in  the  cathode  or  anode 
dlaof  rr.gr:  verves  a :.  the  primary  ror.roe  of  ©loot rent • 

In  cane;  whore  additional  negative  te.uho;  voltage]  io  applied 
to  ths  fcot..r;.’.r.'-*  erihodr.-  oy.l'ndor,  tha  size  of  tho  off  entire  arirr.ry 
'.o-.’.'rcj  of  clef  crone  nay  ho  d  ate  rot.  or’  a  up  rexiraa  fco*ly  from  the  fh 
of  tl»t»  f iffrootlon  line;::  of  the  elect renoororr.  of  any  huostanoe  er- 
uloyoi  an  r  otavioord  (thin  filrro  c?  Al,  Kofi,  etc.).  To  obtaining 
otr.nd :  r-i  ::'r:ul  In  U;o  .fore  of  thin  I  Hr :  by  the  ?;*t»  od  of  cVnc- 
c-rotjon  von  ion  nation  In  a  voc.,.c;n  it  rvou  ho  home  in  criinf  that 
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of  v  f.v  uhviorm  ta ret  place  on  a-,,  underlay  nt  r-'-oo.  tennoraterc. 
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In  Uv  if -cl  c ,  vithoo-t  oil cclag  for  corrections  for  the 
f  vort iov;  of  tho  leci'OS  arid  the  effect  of  the  rlrr.  of  the  crystals, 
t’v.  nine  o'*  the  •  fectron  bean  7\  rr  the  photo  plate  wifi  be  r_;  of 
tho  vrcrtvro  of  the  cathmo  or  anode  diaphragm  -rulilal.ieb  by  tho 
mjvvvvv’ion-..  rf  -he  cordnr..  or: 


>1  =  m  (2) 

where  . •  •-  &■  in  the  ojr.lsrge.'sont  of  the  ccr.fencor;  and  r\  the  radine 
of  t’:c  an  rinro. 

Too  eoh'-ricsl  and  chroma t:f 3  aberration  of  tha  condor. cer  enlarge 
tho  j!;o  of  this  i;  Ac  especially  great,  enl  ary  omen  t  of  the  size 

of  the  coot  ir.  ob-.^rv-d  in  do  >ond or.ee  on  the  size  of  the  ery.rUl. 


The  expressions  whereby  the  magnitudes  of  the  expansion  of  the  spot 
.for  the  above  reasons  are  calculated  are  given  in  (35)»  Thus,  accor¬ 
ding  to  the  data  in  this  work,  the  size  of  the  expansion  6f  the  spot, 
owing  to  spherical  aberration,  is: 

A  spher.  -  Cb  (—12.  )-%  (3) 

a 

where  C  is  a  constant ; 

a  arid  b  are  the:  distances  from  the  lens-  to  the  priiaary  source  and 
screen ,  respectively ; 

ra  is  the  radius  of  the  opening  of  the  aperture  dxapnragjt  ci  t he 
lens 

The  size  of  the  chromatic  aberration  A  5jir#  caused  by  the 

change  in  the  length  of  the  electron  wave  owing  to  the  fluctuation 
of  the  accelerating  voltage  V  is  determined  from  equation  Cl) : 

=  4i  (4) 

2  V 

The  size  of  the  expansion  of  the  spot  in  dependence  on  the 
size  of  the  crystal"  CJ%  is  determined  from  the  expression 

X  i» 

Acr.  “  l  (5/ 

where  X  la  the  length  of  the  electron  wave; 

L  the  distance  from  the  sample  to  the  screen; 

1  tii-a  sa?.e  oi  the  crystal..'. 

It  fex lows  from  this  expression  that  the  expansion  of  the 
spot  for  a  given  near;  cry  via  j  size  depends  very-  greatly  on  the  magni¬ 
tude  of  ^  l,  th-"  constant  of  the  eiectror.ograpb • 

Ore  taore  correction  is  introduced,  o.ue  to  the  fact  that  the 
diffracted  ray  comes  into  focus  in  the  form  of  a  spherical  surface 
with  its  center  in  the  plane  of  the  sample*  Hence ,  for  a  given 
diffraction  ring  of  radius  R,  the  point  of  focus  will  be  somewhat 
clove  the  plane  of  the  screen,  so  that  instead  of  a  point  tkers 
is  formed  £  disk  whose  size  Zip  is  determined  from  the  equation 


.  ,  *  - 
/•J  ?*  2=  ’  X  r.  if  i  • 

*  u  U-  +  s^)T  -i 
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Thus,  allowing  for  all  these  corrections,  the  sice  of  thi 
image  bf  the  primary  source  on  the  screen  will  be 

'J\  -  n®  +  ^spher.  +  ^cr.  +-^R  +  ^cr. 

It  is  evident  that  the  minimum  separation  of  the  diffrnci 
rings  in  the  electronogra®  will  be  determined  by  the  Gistribut: 
of  the  intensity  both  in^he  spot  and  over  the  width  of  the  rint 
dependence  on  Idle  radius  of  the  spot  or  the  half -width  of  1 
ring.  Work  (35)  gives  the  following  expressions  for  minimum  s« 
tion  and  accordingly  for  resolving  powers 

AK  *  1.*  •  V  ;  &&  *  ( 


Substituting  in  expression  (8)  the  values  of  R  from  forms 
(1)  and  fro*  identity  (?),  we  obtain  the  final  equation  for 
resolving  power  of  the  electronograph  in  the  fora: 


AR  _  1.4  « 
R  L 


—  (r.m  +  ^spher.  +  Acr#  +^R  +  ^ 


cr 


•  4 


The  dispersion  power  of  the  electronograph  is  determined 
the  ratio  ,  where  AR  is  the  difference  between  the  radii  < 

the  diffraction  rings  in  the  electronogram,  and  Ad  is  the  difl 
ence  between  the  values  of  the  corresponding  inter-plane  distar 

The  dispersion  is  found  from  equation  (1)  R  =  and  i 

/lR/Ad  =  -AL/d2. 

It  follows  from  this  equation  that  the  dispersion  power  i 
its  absolute  value  with  the  assigned  electron  wave  length  is  di 
proportional  to  L  and  inversely  proportional  to  the  square  of 
the  inter-plane  distances. 

Tho  electron  wave  length  A  in  a  first  approximation  is  c 
mined  by  the  equation  A  =  12.25 hPT^  i,  where  V  is  the  accelc 
voltage.  With  the  tensions  used  in  electronography  practice,  1 
40-?0  KW,  it  varies  from  0.06-0.046  *,  i.e.,  it  has  practically 
little  effect  on  the  size  of  the  dispersion.  The  magnituge  of 
varies  from  35-70  cm.  There  is  an  especially  great  variation  i 
the  linear  dispersion  from  the  values  of  the  inter-plane  distai 
and  that  in  the  direction  of  a  decrease  in  it.  Thus,  for  exa* 
with  a  change  from  1  to  5  *  in  the  inter-plane  distances,  the  c 
p«*rsion  diminishes  25  times. 

It  is  evident  that  such  a  rapid  diminution  of  the  disperi 
power  in  dependence  on  the  growth  in  the  inter-plane  distances 
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be  compensated  either  by  the  magnitude  ^  or  by  the  magnitude  L. 
Moreover,  for  values  of  d  equal  to  10  and  20  A,  the  radii  of  the 
corresponding  diffraction  rings  computed  from  the  equation 

R  =  will  be,  respectively,  3 .5  and  l.?5  mm*  with  ^  =  0.05  & 

and  L  =  700  mm.  But  it  is  known  from  practice  that  the  diameter 
of  the  central  spot  formed  by  non-coherently  diffused  electrons  on 
the  photo  plate  varies  from  3-20  m. 

Thus,  the  diffraction  rings  corresponding  to  inter-plane  dis¬ 
tances  of  10  $  or  more,  even  for  an  electronograph  with  L  =  ?00  mm, 
will  fall  in  a  strongly  lighted  (dark)  spot  on  the  photo  plate  and 
will  not  be  detected. 

To  heighten  the  dispersion  power  of  the  electronograph,  two- 
ar.d  three-lens  diffraction  chambers  have  recently  (36)  begun  to  be 
used,  ^his  instrument  enables  one  to  obtain  electronograms  with 
diffraction  rings  of  such  diameters  as  could  be  obtained  in  the  case 
of  the  ordinary  electronograph  only  with  a  distance  of  4500  mm  from 
the  sample  to  the  photo  plate.  Thus,  the  three-lens  diffraction 
chamber  in  this  case  has  made  it  possible  to  enlarge  the  dispersion 
7.5  times. 

The  productivity  of  the  electronograph,  determined  by  the 
number  of  photos  per  unit  of  time,  depends  on  the  speed  of  reaching 
the  vacuum  limit  and  on  the  number  of  photos  per  evacuation,  and 
also  on  the  time  taken  by  the  photographing  itself  and  the  reloading. 
The  rate  of  evacuation  of  the  electronograph  at  present  is  such  that 
the  vacuum  limit  of  10-^  mm  mercury  is  reached  in  4-5  minutes  with 
continuously  operating  pre-vacuum  and  diffusion  pumps.  The  original 
exhaustion  with  the  pre-vacuum  pump  and  the  wanning  up  of  the  dif¬ 
fusion  pump  last  20-25  minutes.  If  the  photo  holder  contains  12 
photo  plates,  12  pictures  9  X  12  can  be  obtained  in  5  minutes  with 
exposures  of  1-5  seconds  from  samples  for  passage  of  rays  or  in 
10  minutes  from  3  samples  for  reflection  and  6  samples  for  passage. 
Thus,  in  30-35  minutes  it  is  possible  to  evacuate  the  electronograph 
to  the  working  vacuum  and  obtain  12  pictures.  The  reloading  of  the 
holder  and  the  developing  of  the  plates  are  done  during  the  neoct 
evacuation. 

In  the  Soviet  Union,  three  models  of  modem  electronographs 
have  been  developed  and  successfully  used:  the  EM-4,  the  model  of 
the  Institute  of  Crystallography  of  the  Academy  of  Sciences  USSR 
(0G)  and  the  model  of  the  Institute  of  Metallurgy  of  the  Academy 
of  Sciences  USSR  (VEIM-1),  which  is  an  improved  form  of  the  model 
of  the  Institute  of  Physical  Chemistry  of  the  Academy  of  Sciences 
USSR  (37). 

Table  1  gives  the  values  of  the  basic  parameters  of  the  elec¬ 
tronographs.  In  all  three,  the  rates  of  evacuation  and  the  current 
and  tension  [voltage]  stability  of  the  sources  of  power  are  approx- 
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LEGSKD:  1)  Basic  parameters  of  the  electronic  optical  parts; 

2)  EM-4;  3)  EG;  4)  EVTM-1;  and  5)  British  electrono¬ 
graph  (35). 

ff!CTE:  Tort  of  article  speaks  of  "VEXM-l’1;  whereas  above  in  the 
table  is  mentioned  the  EVIM-l.J 


imately  the  same.  The  mechanism  and  the  possibility  of  displacing 
the  fxloment  arid  the  gun  itself  are  also  approximately  the  same. 

Nor  do  the  mechanisms  for  controlling  tho  displacement  of  the  sample 
differ  substantially#  However,  each  of  these  electronographs  has 
its  characteristic  peculiarities.  Thus,  the  electronograph 
xs  a  compact  small- si zed  apparatus,  in  which  the  electronograph 
column  and  the  high-voltage  and  low-voltage  feeding  units  are  assem¬ 
bled  .in  a  single  bank  (blok).  An  opening  with  a  radius  of  0.05  mm 
in  the  bottom  of  the  focusing  cylinder  serves  as  the  primary  source 
of  electrons.  The  condenser  consists  of  two  lenses,  but  practically 
only  one  is  used,  since  in  operating  with  both  lenses  the  intensity 
of  the  diffraction  rings  in  the  electronogram  is  so  small  that  it 
does  not  lend  itself  to  interpretation.  The  photo  holder  of  the 
instrument  permits  one  to  take  12  pictures  6  X  9  cm  in  size  per 
evacuation.  Among  the  substantial  defects  of  this  model  must  be 
mentioned  first  and  foremost  the  inadequate  size  of  the  diffraction 
field. 
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The  elect ronograma  obtained  from  the  EM-4  instrument  with 
tension  of  40  KW  and  a  maximum  possible  ring  radius  of  40  m*  do 
contain  reflections  corresponding  to  in  ter-planqfli stan ce s  of  le 
than  0.75  1*  4  great  defeet  in  the  design  of  this  instrument,  ; 
well  as  in  the  similar  US  model  released  in  1946  (4l),  is  the  di 
ward  displacement  of  the  electron  gun,  and  the  upward  displace®* 
of  the  diffraction  chamber  and  the  photo  chamber.  With  this  ar. 
went  of  the  main  nodes  of  the  electronograph,  the  openings  of  a 
the  diaphragms  quickly  get  dogged  up.  Moreover,  the  parts  of  • 
electron  gun  joined  together  by  pic® in  [pioeneT]  are  in  a  hangi 
position  in  immediate  proximity  to  the  electric  furnace  of  the 
pump.  In  the  absence  of  additional  heat  insulation  between  the 
gun  and  the  furnace,  the  glass  vessel  with  the  cathode  part  can 
separate  from  the  anode  part,  so  that  at  50-60  degrees  the  pice; 
softens  and  loses  its  strength. 

The  BO  electronograph  is  a  horizontal  model  with  respect  * 
the  location  of  the  nodes  and  is  more  perfect  that  the  former  mi 
from  this  institute.  The  main  change  in  its  design  consists  in 
the  distance  from  the  object  to  the  photo  plate  has  been  reduce* 
from  1400  to  700  mm.  A  prime  defect  is  the  great  distance  from 
object  to  the  photo  plate  (700  mm),  which  has  caused  the  distant 
from  the  electron  source  to  the  lens  (560  mm)  to  be  increased 
as  to  obtain  the  ratio  k  *»  1.4.  Furthermore,  at  a  distance  of 
560  mm,  the  cross  section  of  the  beam  is  large  (  1.5  mi),  so  tl 
it  is  necessary  to  limit  it  with  a  diaphragm  having  a  diameter  < 
1  mm  in  front  of  the  lens,  which  diminishes  its  intensity.  The 
horizontal  position  of  the  nodes  makes  it  necessary  to  join  the 
together  in  the  vertical  and  horizontal  planes;  in  addition,  th 
electronograph  is  subject  to  strong  vibration  from  the  pre-vacw 

pump  and  other  vibration  installations  in  the  building.  Anothe 
substantial  defect  is  the  use  in  this  instrument  of  a  pocket  p 
holder  which  allows  only  two  pictures  9  X  12  cm  in  size  to  be  o 
during  one  evacuation,  thus  considerably  lowering  the  prodnetiv 
(six  times). 

The  new  vertical  VEIM-1  eleetrono graph  is  a  small-sized  a 
(A.  A.  Konstantinov,  V.  G.  Bogdanov,  and  V.  S,  Rybakov  took  par 
in  developing  this  model),  in  which  the  column  of  the  in 3t rumen 
and  the  electric  feed  unit  are  assembled  in  a  single  common  ban 
The  primary  source  of  electrons  is  the  anode  diaphragm  with  an 
aperture  of  50  rak.  The  distance  a  from  the  electron  source  to 
lens  is  500  mm,  while  the  distance  b  from  the  lens  to  the  scree 
is  550  mm.  The  b/a  ratio  is  1.1.  Thus,  the  size  of  the  electr 
beam  is  enlarged  only  insignificantly  on  the  screen.  The  resol 
power  of  the  electronograph  exceeds  by  more  thin  twice  that  of 
ments  EM-4  and  EG. 
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The  object  chamber  permits  samples  to  be  obtained  by  the  method 
of  evaporation  and  condensation  in  the  instrument  itself  in  the  fora 
of  thin  films  of  metals  and  alloys  and  other  substances,  and  also 
allows  tho  thermal  and  chemical  treatment  of  these  films  and  of  massive 
samples.  The  holder  allows  three  samples  to  be  Installed  when  photo¬ 
graphing  for  reflection  (plates  20  X  10  X  2  cu  ron  in  size)  and  6-8 
samples  or  10-12  samples  in  the  form  of  thin  films  for  photographing 
for  passage  of  rays.  The  electronograph  permits  the  taking  of  12 
electronograms  of  10-12  samples  during  one  evacuation  (30-35  minutes), 
i.e*,  the  structural  data  on  the  phase  and  chemical  composition  of 
the  oxide  film  for  8-10  points  on  the  kinetic  ozidation  curve  of  metals 
or  data  on  the  phase  composition  of  the  metal,  oxide,  and  other  sys¬ 
tems  for  several  temperatures.  The  productivity  of  the  VEIM-1  elec¬ 
tronograph  is  six  times  as  great  as  that  of  the  EG.  It  i.->  evacua¬ 
ted  directly  from  the  photo  chamber,  the  object  chamber,  a»vi  the 
electron  gun  by  means  of  nozzles  connected  with  the  main  tube,  which 
reduces  the  probability  of  the  spread  of  water  vapor  and  various 
gases  from  the  photo  plates  and  samples  into  all  nodes  of  the  instru¬ 
ment  and  especially  into  the  electron  gun. 


The  table  gives  the  maximum  possible  accelerating  voltages  and 
the  corresponding  electron  wave  lengths  of  the  different  electrono¬ 
graphs.  It  does  not  show  the  values  of  ^sph.  aad  ^  R*  since  even 
for  lens  aperture  diaphragms  of  0.50  radius,  they  are  10-^  and 
10-3  nm  respectively.  With  a  primary  electron  source  of  radius 
5  •  10-’  to  5  *  10“%  these  magnitudes  may  be  disregarded. 

The  great  enlargement  of  the  radius  of  the  spot  (and  conseq¬ 
uently  of  the  width  of  the  lines),  caused  by  the  size  of  the  crystals, 
as  may  be  seen  from  the  table,  reduces  the  resolution  by  a  whole 
order,  and  the  less  the  value  of  1,  the  greater  the  reduction.  3ut 
despite  this  it  is  necessary  that  the  natural  half -width  of  the  lines 
or  the  size  of  the  spot  on  the  screen  from  the  electron  beam  should 
be  as  small  as  possible. 

The  size  of  the  beam  is  of  especial  importance  in  investiga¬ 
ting  the  size  of  small  crystals.  The  resolving  power,  without  and 
with  allowance  for  the  effect  of  the  size  of  the  crystals,  is  deter¬ 
mined  respectively  by  the  following  expressions: 


-  1.4  •  d 
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The  values  of  A R/R  given  in  the  table  are  computed  from  the 
above  expressions  for  d  =  1  A  and  1  =  200  A.  The  values  of  the 
dispersion  power  are  given  for  d  =  1  &.  It  follows  from  the  table 
that  the  resolving  power  of  the  VEIM-1  electronograph  is  half  again 
as  high  as  that  of  the  EM-4  and  the  EG,  while  the  dispersion  power 
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of  all  four  instruments  is  almost  equal.  The  difference  in  resolving 
power  is  to  be  explained  chiefly  by  the  fact  that  the  size  of  the 
beam  on  the  screen  is  2.5  times  smaller  in  the  V2IM-1  than  in  the 
Er!-4  and  the  EG.  This  is  accomplished  bv  reducing  both  the  size 


of  the  priaaiy  bear:  and  the 


reduced  to  a 


in  the  V5XH-1.  Further  raising  of  the  roopivlrg  power  for  electrono¬ 
graphs  with  a  one-lens  condenser  is  obviously  possible  only  by  dim¬ 
inishing  the  size  of  the  primary  source  of  electrons. 

Our  experience  with  the  electron  beam  having  a  50  mk  diameter 
(diameter  of  the  aperture  of  the  anode  diaphragm) confirms  this  poss¬ 
ibility.  With  this  size  of  beam  and  the  values  a  =  500  and  b  = 

550  ran,  it  is  possible  to  achieve  a  high  resolution  and  entirely 
adequate  intensity  of  the  diffraction  picture.  In  the  modern  elec¬ 
tronographs  with  two-leas  condensers,  no  success  has  been  hid  in 
obtaining  a  satisfactory  combination  of  these  uwo  parameters.  The 
small  differences  in  the  dispersion  paver  of  all  the  Inst- aments, 
despite  the  different  distances  L  (varying  from  400  bo  ?0C  mm ) ,  are 
to  be  explained  by  the  fact  that  the  magnitude  L  enters  into  the  for¬ 
mulas  both  for  the  resolving  and  for  the  dispersion  power  in  the 
form  of  a  product  with  the  magnitude  A  —  the  electron  wave  length, 
which,  as  is  known,  is  inversely  proportional  to  the  square  root  of 
the  accelerating  voltage.  In  increasing  the  distance  L  to  ?00  mm, 
the  distance  from  the  primary  source  of  electrons  to  the  lens  also 
has  to  be  increased  to  5^0  am  in  order  to  preserve  the  ratio  ^  =  1.4 
(which  occurs  in  the  EG  instrument).  Here,  the  total  distance  from 
the  source  of  electrons  to  the  screen  (a  +  b)  is  increased  to  1140  mm. 
Since  the  electrons  pass  through  this  distance  by  inertia  and  the 
vacuum  in  the  electronograph  is  10~4  of  mercury,  it  is  necessary 
to  raise  the  accelerating  tension  considerably  in  order  to  diminish 
the  divergence  of  the  beam  in  the  space  of  the  first  lens  and  the 
losses  of  electron  velocity  due  to  the  collision  of  electrons  with 
molecules  of  residual  gas  and  libricant  vapor  in  the  instrument. 
However,  an  increase  in  the  accelerating  voltage  diminishes  the 
electron  wave  length,  ao  that  the  product  A  L  (constant  of  the  instru¬ 
ment)  is  not  increased  much. 

Thus,  increase  in  the  distance.  L  from  the  object  to  the  screen 
cannot  alone  achieve  a  substantial  raising  of  both  the  dispersion 
and  the  resolving  power.  For  electronographs  with  a  one-lens  con¬ 
denser  the  following  basic-  parameters  may  bo  recommended: 

1)  Diameter  of  the  opening  in  the  cathode  protecting  and 
focusing,  cyl ind er,  0.5-1  ram j 

2)  Daimeter  of  the  opening  in  the  anode  diaphragm,  50  mk 
(primary  source  of  electrons); 

3)  Distance  from  the  anode  diaphragm  to  the  aperture  dia¬ 
phragm  of  the  condenser,  a  =  450-500  mm; 

4)  Diameter  of  the  opening  of  the  aperture  diaphragm,  0.5-0. 6  mrr. 


5)  Distance  from  the  last  diaphragm  to  the  screen,  550  a 

6)  Distance  fro*  the  object  to  the  screen,  500  a*. 


METHOD  OF  MMXHC  A  PHASE  ANALYSIS 

As  noted  above,  the  atomic  structure  of  oxides  is  determli 
by  electronographic  analysis.  The  possibility  of  successfully  i 
the  electronographic  method  for  quantitative  phase  analysis  mas 
shown  recently  by  L.  S.  Falatnik  and  B.  T.  Boyko  (42,  43)  in  in 
tlgatlng  the  process  of  decomposition  of  an  over-saturated  soli 
solution  in  thin  films  of  alloys  with  an  aluminum  or  copper  bas 
The  authors  found  an  original  soultion  for  the  problem  of  obtaii 
two  displaced  elect ronograats  on  one  and  the  same  plate  from  two 
dard  samples  (for  example,  from  A1  and  CuAl2  in  the  case  of  the 
system).  The  displaced  and  superimposed  electronograms  were  ot 
by  the  periodic  displacement  of  the  primary  electron  beam  fro* 
sample  to  the  other  by  means  of  divergent  plates  (placed  betwee 
the  sourfe  of  electrons  and  the  object),  to  which  electronoma gr 
inpulses  of  voltage  of  the  rectangular  form  were  applied.  By  a 
ing  a  definite  length  of  the  impulse  or  its  frequency,  one  can 
superimposed  electronograms  having  the  neeessary  ratio  of  inter 
between  the  comparable  lines  on  the  basic  and  displaced  electro 
According  to  the  anthers •  data,  the  impulses  were  applied  with 
frequency  of  10,000  cycles,  which  with  a  1-2  second  exposure  an 
identical  conditions  for  obtaining  electronograms  of  both  stand 
samples. 

The  ratios  of  the  volume  concentrations  of  the  phases  in 
in  the  alloy  were  determined  by  comparing  the  intensity  of  the 
in  the  standard  superimposed  and  in  the  electronogram  of  the  tw 
phase  alloy  (mixture  of  the  phases:  A1  +  CuAlg).  The  precision 
the  agreement  between  the  data  of  the  electronographic  phase  an 
ysis  and  the  data  computed  by  the  5.  A.  Yekshihskly  method  is  2 

This  method  of  obtaining  superimposed  electronograms  can 
be  used  for  massive  samples  if  the  phases  do  not  have  a  laoinat 
distribution.  In  case  of  thin  films,  a  laminated  arrangement 
the  phases  in  the  alloy  is  also  possible.  Here  it  is  necessary 
see  to  it  that  the  thickness  of  the  films  and  the  sise  of  the  c 
in  them  are  alike  both  for  the  standard  sample  and  for  the  samp 
under  study.  In  both  cases,  one  should  use  the  electronomicros 
method  of  investigating  the  secondary  (crystallite)  structure  o 
the  objects. 

The  technique  of  making  a  high-grade  electronographic  pha 
analysis  of  the  drosses  is  fairly  simple,  if  electronograms  wit 
sharp  diffraction  lines  are  obtained  from  the  samples  under  stu 
and  the  dross  itself  consists  of  oxides  with  known  structures. 
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The  first  stage  of  analysis  consists  in  determining  the  constant 
of  the  instrument  2  * L  by  the  formula : 

2  Al  *  dD, 

where  D  is  the  diameter  of  the  diffraction  ring,  in  mm;  and  d  is 
the  value  of  the  inter-plane  distance  from  the  standard  substance 
corresponding  to  this  ring,  in  8. 

One  of  the  phases  of  the  given  sample  may  he  used  as  the 
standard  substance.  For  example,  as  regards  the  oxidation  of 
thin  films  of  metals  or  their  solid  solutions,  the  standard  may 
be  the  gradually  oxidising  metal.  The  value  of  the  constant  of 
the  instrument  is  then  determined  from  the  above  formula  as  the 
mean  between  three  strong  lines  of  the  metal;  in  choosing  the  lines, 
preference  must  be  given  to  those  which  have  a  large  diameter.  For 
rings  with  large  diameters,  the  relative  error  /l D/E  of  measurement 
of  their  diameter  will  be  less  than  for  rings  with  small  diameters. 
xo  determine  the  constant  of  the  instrument  one  may  select  diffrac¬ 
tion  rings  in  the  electronogram  with  30-50  diameters.  The  relative 
error  will  then  not  exceed  0.2-0. 3$  when  the  ring  diameter  is 
measured  with  a  precision  of  0.1  mm. 

If  the  phase  composition  of  the  dross  is  determined  from 
samples  in  the  form  of  thir.  lamina s  deposited  from  aqueous  (or  othe  r) 
suspension  on  underlays,  table  salt,  introduced  into  the  aqueous 
suspension  in  the  quantity  of  0.1-0.05^,  is  mostly  used  as  the 
standard  substance. 

Thin  films  of  metals,  used  simultaneously  as  underlays,  may 
also  be  employed  as  standards.  For  this  purpose,  thin  films  of 
aluminum  are  widely  employed,  being  easily  obtained  by  the  method 
of  evaporation  and  condensation  in  a  vacuum,  and  the  electronograms 
of  them  contain  sufficiently  sharp  lines  to  determine  the  constant 
of  the  instrument. 

It  is  considerably  harder  to  determine  the  constant  of  the 
instrument  from  electronograms  obtained  from  massive  samples  by  the 
reflection  method,  since  it  is  very  difficult  to  obtain  simultaneous¬ 
ly  on  one  and  the  same  photo  plate  a  diffraction  picture  of  the  stand¬ 
ard  and  of  the  surface  of  the  sample  under  investigation.  Hence, 
the  most  common  practice  is  to  take  an  electronogram  of  the  standard 
some  time  after  obtaining  one  for  reflection,  it  being  possible  to 
obtain  both  electronograms  on  one  and  the  same  plate  ,  as  well  as 
on  different  ones.  When  the  high  tension  is  well  stabilized  (0.01- 
0.03$),  this  method  of  determining  the  constant  is  fairly  reliable. 

One  may  also  use  the  method  of  simultaneously  taking  electronograms 
on  one  and  the  same  plate  from  the  sample  under  study  for  reflec¬ 
tion  and  from  the  standard  (aluminum  film)  for  passage  of  rays  (the 
author  has  been  applying  this  method  since  1952).  For  this  purpose, 
the  thin  film  of  aluminum  deposited  on  the  grid  is  arranged  on  the 
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In  quantitative  analysis,  a  visual  relative  evaluation  of  the  inten¬ 
sity  of  the  lines  by  the  9-point  scale  is  mostly  sufficient. 

In  evaluating  the  intensity,  account  must  be  taken  of  the 
uneven  distribution  of  the  background  intensity  in  the  electrono¬ 
grams,  especially  ><hen  underlays  of  the  cellulose  type  are  employed. 

In  many  cases,  such  a  strong  background  in  the  area  of  the  central 
spot  is  observed  in  the  reflection  electronograms  of  massive  sam¬ 
ples  that  even  the  high-intensity  diffraction  rings  are  not  revealed 
in  it.  Hence,  for  the  central  part  of  the  diffraction  picture,  it 
is  necessary  to  make  a  shorter  exposure  than  for  a  peripheral  pic¬ 
ture,  and  both  parts  must  be  photographed  separately. 

The  multiple-exposure  method  (45)  usually  employed  to  evaluate 
the  intensity  of  the  lines  from  samples  for  passage  of  rays  can  also 
be  used  for  electronograms  for  reflection.  An  accurate  and  direct 
precision  determination  of  the  absolute  values  of  the  intensities 
can  be  made  by  means  of  meters  and  photo  multipliers  with  an  attach¬ 
ment  for  the  elimination  of  the  background.  The  method  of  recording 
the  diffraction  picture  proposed  in  (34)  permits  one  to  solve  this 
problem  in  a  positive  manner. 

The  concluding  stage  of  qualitative  analysis  consists  in  can- 
paring  the  values  of  the  inter-plane  distances  computed  from  the  elec¬ 
tronograms  of  the  oxide  film  under  study  with  their  values  obtained 
for  the  presumed  oxide  (or  compound  of  oxides)  by  the  X-ray  method. 

If  it  is  found  in  this  comparison  that  the  values  of  d  for  three 
(or  more)  basic  and  characteristic  lines  in  the  electronogram  of 
the  oxide  under  study  having  the  strongest  intensity  will  coincide 
with  the  tabular  values  of  the  inter-plane  distances  with  sufficinet 
precision  (0. 3-0.5^  tot  electronograms  for  passage  of  rays  and  0.8- 
1 #  for  reflection  electronograms)  for  lines  of  the  same  intensity, 
the  oxide  (or  other)  phase  in  the  dross  of  the  given  sample  is 
regarded  as  established.  The  task  of  determining  this  or  that  oxide 
phase  is  considerably  facilitated  by  the  fact  that  the  chemical 
composition,  structure,  and  thermodynamic  characteristics  of  the 
given  sample  are  usually  known.  If  an  oxide  is  formed  with  a  new 
and  unknown  structure  or  with  a  structure  wh ose  lattice  parameter 
values  deviate  considerably  from  those  of  the  presumed  oxide  or 
oxide  compound,  the  means  of  electronographic  and  roentgenographic, 
and  in  soma  cases  also  neutronographic ,  analysis  are  alloyed  to 
determine  the  crystal  structure  and  establish  the  nature  of  the  phasfc 
from  it. 

Despite  the  high  absolute  sensitivity  of  the  electronographic 
method  of  investigation,  which  permits  one  to  obtain  a  diffraction 
picture  of  IQ”-1-2*  g  of  a  substance,  its  precision  in  determining  the 
phase  composition  of  mixtures  ©f  oxides  and  other  compounds  does 
not  exceed  that  of  the  X-ray  method  and  amounts  to  1~5^» 

In  addition  to  phase  analysis  of  the  dross,  the  elect rono- 
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lower  edge  of  the  sample  In  such  a  way  that  the  grid  vith  the  fil* 
is  raised  0.05-0.1  mm  above  the  surface  of  the  massive  saaple  under 
study  (Fig.  7.  in). 

The  second  stage  of  phase  analysis  is  the  measurement  of  the 
diameters  of  the  diffraction  rings  in  the  electronograms  of  the  sam¬ 
ples  in  the  form  of  thin  films  or  the  radii  of  these  ring 3  in  the 
electronograms  of  massive  samples  for  reflection.  The  diameters  and 
radii  are  measured  with  an  ordinary  ruler  (preferably  with  0.5 
mm  graduations)  with  a  precision  ef  0.1-0. 2  am,  or  with  a  comparator 
with  a  precision  of  0.01  mm.  The  tenter  of  the  diffraction  rings 
in  the  ray-passage  electronograms  is  the  trace  of  the  central  elec¬ 
tron  beam  in  the  form  of  a  small  pit  in  the  photo  emulsion  and  a 
black  dot. 


As  regards  reflection  pictures,  there  is  either  no  such  trace 
at  all,  or  it  sometimes  fails  to  coincide  with  the  true  geometric 
center  of  the  half -rings  in  the  electronograa.  In  such  eases,  it 
is  useful  in  finding  the  center  to  use  celluloid  sheets  to  which 
2-3  half-rings  can  be  transferred  and  to  determine  the  center  from 
them,  not  from  the  lines  on  the  electronogram  itself.  The  center 
of  the  diffraction  picture  for  reflection  may  be  determined  by  means 
of  patterns  representing  the  set  of  rings  or  half-rlngsdrawn  on  the 
celluloid  plates  with  radii  computed  for  the  various  values  of  the 
inter-plane  distances  at  the  known  .value  of  the  constant  of  the  instru¬ 
ment,  i.e.,  from  the  formula  D  a  Z*Lk  .  By  superimposing  the  thus 
constructed  picture  on  the  ©lectroftogram  of  any  sample,  one  may,  by 
superimposing  two  or  three  rings,  determine  the  center  of  the  half- 
rings  in  the  electronogram.  To  find  the  center,  one  may  use  the 
electronogram  of  the  standard  for  passage  of  rays. 

Then  the  inter-plane  distances  d,  corresponding  to  the  values 
of  the  diameters  or  radii,  are  computed  by  the  formulas: 


n  D 


or 


d  _  X_L 
n  R  * 


where  L,  D  and  R  are  measured  in  millimeters,  and  A  in  angstroms. 
In  more  precise  calculations  of  electronograms,  the  values 


of  d  are  computed  from  the  expression: 

Si  s  A  ~  fl  +  5  (v)  -12  + 

n  *  R  11  *  8  KV  “128  'L'  + 


The  third  stage  is  the  determination  of  the  intensity  of  the 
diffraction  lines.  In  investigating  structures  or  making  a  quanti¬ 
tative  phase  alanysis  the  intensities  are  determined  in  the  same 
way  as  in  the  X-ray  structural  analysis:  from  microphotograms  ob¬ 
tained  by  means  of  recording  microphotometers.  The  photometric 
method  of  determining  intensity  has  been  described  in  detail  in  (4b). 
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graphic  method  can  be  used  to  determine  the  orientations  of  the 
crystals  in  the  oxide  film  with  relation  to  the  crystals  of  the 
metal  on  the  surface  of  the  sample.  By  studying  in  detail  the  orien¬ 
tation  relationships  between  the  crystals  of  the  oxide  film  and 
the  underlaying  layer  of  netal  (or,  in  general,  the  crystals  in  the 
surface  layer  of  the  underlay,  on  which  the  new  phase  is  formed), 

P.  D.  Dankov  (46)  established  the  principle  of  "orientation  and  size 
agreement."  On  the  basis  of  this  principle,  P.  D.  Dankov  (1,  47) 
and  V.  I.  Arkharov  (12)  created  the  foundations  of  the  crystal- 
lochemical  theory  of  the  oxidation  of  metals  and  alloys. 

BEECTSOHOMICROSCOPIC  METHOD 

The  electroncmicroscopic  method  of  investigation  and  the  cor¬ 
responding  apparatus  have  been  widely  described  in  a  number  of  mono¬ 
graphs  and  review  articles  (32,  50,  51)*  Hence,  we  shall  only  deal 
briefly  with  the  main  problems  of  investigation  of  the  oxidation 
processes,  which  can  be  successfully  solved  by  means  of  the  elec¬ 
tron  microscope.  To  these  problems  belong  the  following:  inves¬ 
tigation  of  the  process  of  the  formation  and  growth  of  oxide  crys¬ 
tals  on  the  individual  planes  of  the  grains  of  the  metal;  study  of 
the  recrystallization  processes  in  oxide  films  depending  on  the  time 
and  temperature  of  oxidation;  determination  of  the  microfissures  and 
pores  in  oxide  films;  investigation  of  the  chemical  and  phase  con¬ 
versions  in  the  thin  free  (without  underlays)  films  of  metals, 
alloys,  and  oxides.  The  methods  and  results  of  the  investigation 
of  the  mechanism  of  the  formation  and  growth  of  primary  crystals 
(nuclei)  of  oxides  on  the  individual  planes  of  the  crystals  of 
certain  metals  have  been  described  in  (52-54). 

The  reciystallizatlon  processes  in  oxide  films  on  metals  and 
alloys  depending  on  the  time  and  temperature  of  heating  have  been 
studied  by  the  author  and  his  associates.  Figures  8  and  9  show 
electronomicrograms  of  oxide  films  formed  on  metals  and  alloys  at 
different  temperatures  and  times  of  exposure.  These  micrograms 
were  obtained  both  from  lacquer  (collodion)  and  from  quartz  or 
carbon  replicas. 

The  first  three  problems  are  solved  by  the  replica  method,  the 
last  by  the  method  of  X-ray  films  having  a  thickness  approximately 
equal  to  the  size  of  the  crystals  in  the  film. 

Replicas  of  oxide  surface  films  are  obtained  without  any 
chemical  or  mechanical  treatment  of  the  surface  of  the  sample. 

^ence,  they  reproduce  the  true  relief  of  the  oxide  film,  the  size 
and  form  of  the  crystals  in  it  in  a  form  resulting  solely  from  the 
oxidation  process  itself.  The  size  of  the  crystals  increases  both 
with  the  growth  of  the  temperature  and  with  the  lapse  of  heating 
time,  varying  from  20-30  1  at  20-100°  to  10^  8  at  1000-1200°. 
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Figure  9*  Electron  Hierograms  of  Oxide  Films  on  Chroaiuia  Alloys, 
Formed  When  Heated  in  Air.  a)  600°;  b)  700°;  c)  900°; 
d)  1000°  (X20.000) 


The  reciy  stallisati on  process  is  considerably  accelerated 
and  begins  at  lower  temperatures  in  these  cases  where  the  volume 
of  the  oxide  is  2-1  tr.jr.es  greater  (for  example,  for  the  metals 
Fe,  Cr,  fTo)  than  the  volume  of  the  oxidized  metal ,  though  such  an 
intensity  of  the  me  ryots  llisa  t  ion  process  is  not  observed  in  thin 
free  (without  underlrys)  oxide  films  of  those  Metals,  ->su*. , 
this  effect  of  accelerated  rocrystalli nation  of  the  oxide  film  for 
these  metals  may  be  explained  by  the  presence  of  great  compression 
stresses  in  the  dross. 

In  investigating  the  kinetics  of  the  oxidation  of  nultiple- 
c exponent  alloys  one  can  observe  in  some  cases  that  the  phase  com- 
position  of  tan  dross,  according  to  elect ronographic  analysis  d«ta , 
does  not  vary  in  dependence  on  the  time  and  temperature,  bat  the 
rate  of  oxidation,  determinable  by  the  weight  increase,  changes 
sharply  from  a  certain  moment  on.  Thus,  for  example,  in  investiga¬ 
ting  the  kinetics  of  the  oxidation  of  alloys  having  a  nickel  or 
chromium  base  with  addition  of  boron,  such  share  changes  in  the 
oxidation  rates  of  this  alloy  were  discovered  at  a  temperature  of 
over  1000°  in  dependeace  on  the  time.  3 y  means  of  the  electron 
microscope,  pores  the  size  of  20-5000  8  were  detected  in  the  dros3 
on  the  samples.  The  irregular  course  of  the  kinetic  curves  was 
connected  with  the  rate  of  evaporation  of  the  volatile  oxides  and 
with  the  formation  of  pores  (Fig.  9i  b  and  d). 


Figure  10.  Electron  Micrograms  of  Oxide  Films  Formed  on  Nichrone 
Alloys  (X  20,000) 

a)  and  b)  900°  for  100  and  1,000  hours  respectively; 
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Figure  10.  (con tinned) 

c)  ”00° ;  d)  1030°  (with  addition  of  boron)  for  100 
hours;  e)  on  Ti-V  alloy  at  600°;  aad  f)  on  Ni-Cr  Alloy 
at  900°  for  3  hours. 


Fug.  10  i  sic.  Means  Fig.  11,  see  next  page]  gives  as  an 
illustration  eiectronoaiercgraras  and  electronograms  obtained  by 
the  ray-passage  method  from  one-  and  the  name  samples  La  the  form  cf 
thin  films  heated  in  air  at  temperatures  from  20-900°  at  100-degree 
intervals.  The  use  of  the  electron -micro scone  method  for  investiga¬ 
ting  the  process  of  the  growth  of  crystals  In  thin  films  is  limited, 
since  with  a  film  thickness  exceeding  by  several  times  the  size  of 
the  crystals  in  it,  the  electron  micrograms  obtained  are  unclear 
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Figure  li.  Slectronomiorograsis  (Right)  and  Sle chronograms  (Left) 
of  a  Thin  Film  of  Zirconium  (X  20,000),  Heated  in  Air 
for  1  hour  at  the  Following  Temperatures: 
a)  20°:  b)  200°;  c)  300°;  d)  400°;  e)  500°;  f)  600°; 

r)  700°;  b)  800° ;  and  i)  900®. 

because  of  the  super-imposition  of  the  image  of  one  crystal  upon  that 
of  another.  Only  when  the  thickness  of  the  film  is  equal  to  the 
mean  oiae  of  the  crystals  can  one  trace  in  it  the  change  in  their 
fcnns  and  sizes  in  the  reerystaliization  and  oxidation  processes. 

.  The  metallcgraphie  method  can  be  successfully  employed  alongside 
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of  the  electron-microscope  method  to  detect  inter-crystal  cor¬ 
rosion,  pores,  and  fissures  in  the  dross,  as  well  as  to  study  the 
transverse  structure  of  the  dross, 

ISOTOPIC  METHOD  C?  INVESTIGATION 

For  the  isotopic  method  of  investigating  oxidation  processes, 
the  radioactive  isotopes  of  metals  and  the  dtabile  isotope  of  oxygen 
0^°  are  used.  This  method  determines  the  parameters  of  the  diffus- 
ion  coefficient  on  temperature.  By  comparing  the  values  of  the 
coefficients  of  the  diffusion  of  the  ions  of  the  metal  and  of  oxy¬ 
gen  through  the  oxide  of  the  given  metal,  one  may  ascertain  what  ions 
are  diffused  to  bring  about  the  oxidation  process.  Thus,  for 
example,  in  determining  the  parameters  of  the  diffusion  of  copper 
and  oxygen  ions  through  the  oxide  CujjO  at  1030°  (55)  *  it  has  been 
established  that  the  coefficient  of  oxygen  diffusion  under  135 
mercury  pressure  has  a  value  of  1.3  •  10“9Qsq  cm/ sec,  and  the 
coefficient  of  copper  diffusion  4.8  *  10"'-  sq  cm/ sec. 

The  coefficients  of  oxygen  diffusion  in  the  oxide  systems 
are  found  by  the  Ziraens  method  (56)  by  determining  the  rate  of  ex¬ 
change  between  the  oxygen  of  the  oxide  and  the  gaseous  oxygen  enriched 
with  isotope  oi^.  The  method  of  determining  the  rate  of  this  exchange 
in  dependence  on  the  temperature  is  described  in  (57),  and  the  methods 
of  determining  the  parameters  of  the  diffusion  of  metals  in  oxides 
are  described  in  (58-60).  Unfortunately,  it  is  difficult  to  compare 
the  rate  constants  and  activation  energies  of  the  diffusion  of  the 
same  metals  or  of  oxygen  through  their  oxides,  since  the  oxida¬ 
tion  processes  of  metals  are  usually  investigated  at  temperatures 
considerably  lower  than  those  at  which  the  diffusion  processes  are 
studied.  For  example,  the  oxidability  of  aluminum  is  investigated 
in  the  temperature  interval  of  20-600°;  that  of  nickel,  cobalt,  and 
chromium,  20-1000°;  that  of  titanium,  zirconium,  and  niobium,  20- 
900°.  But  the  diffusion  processes  of  metals  in  oxide  systems  with 
measurable  rates  take  place  in  a  temperature  interval  of  1100- 
1400°.  At  temperatures  up  to  1100°  the  borderline  diffusion  in  sin¬ 
tered  samples  is  so  intensive  that  the  true  values  of  the  parameters 
of  their  volume  diffusion  cannot  be  determined.  During  diffusion 
roastings  at  high  temperatures  (1100-1400°)  there  is  an  intensive 
evaporation  of  many  metals  and  certain  oxides  (ZnO,  C^Ca,  and  others), 
but  also  an  oxidation  of  the  active  layer  of  metal  deposited  on  the 
samples  by  that  [oxygen?]  which  has  remained  and  is  secreted  from 
the  walls  of  the  ampules  of  oxygen.  In  the  case  of  roast ings  in 
quartz  ampules  evacuated  to  10"  mm  of  mercury  at  1100-1200°,  a 
perceptible  evaporation  of  SiO  is  observed  from  the  walls  of  the 
ampules,  and  a  diffusion  of  oxygen  through  their  walls. 

The  effectiveness  of  the  evaporation  and  oxidation  is  some- 
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what  diminished  when  the  ampules  are  filled  with  purified  argon  up 
to  a  pressure  of  200  srn  of  mercury  and  zirconium  iodide  is  placed 
in  them.  The  diffusion  roastings  at  temperatures  of  1100-1400° 
should  be  made  in  ampules  cast  of  pure  aluminum  oxide  ( tfC  =  AI2O3) 
or  beryllium  oxide.  *he;-e  roastings  may  also  be  done  in  vacuum 
micro-furnaces  introduced  into  eva enable  (or  argon-filled)  and  vrater- 
cooled  tubes  of  molybdenum  glass  (see  Fig.  4). 

More  precise  data  on  the  diffusion  parameters  in  the  oxide 
systems  can  be  obtained  with  fused  samples  by  using  iridium  cruc¬ 
ibles  for  melting  the  oxides.  ^0  remove  the  active  layers  from 
the  oxide  samples,  the  author  and  V.  V.  Votinova  used  tablets  of 
boron  carbide  15-20  mm  in  diameter  and  2-3  mm  thick,  which  are 
pressed  from  fine  powder  with  the  addition  of  alcohol  cr  water  and 
roasted  in  the  furnace  at  600-?00°  in  air.  Fof  precision  removal 
of  the  active  layers  of  the  prescribed  thickness  one  may  use  a  micro¬ 
tome,  replacing  the  steel  knife  in  it  with  a  plate  having  tablets 
of  boron  carbide  mounted  in  it. 

SAMPLES  AND  METHODS  OF  TREATING  THEIR  SURFACE 

Samples  in  the  form  of  plates  1,5  X  10  X  5  in  size  are  used 
to  Investigate  the  oxidation  processes  of  metals  and  especially  of 
alloys  by  the  structural-kinetic  method.  The  la3t  dimension  (thick¬ 
ness)  may  be  3-4  non.  Samples  of  this  form  satisfy  both  kinetic 
investigations  (have  a  considerably  larger  surface  with  relation  to 
the  volume  than  in  the  case  of  cylinder-shaped  samples  of  the  same 
volume)  and  electronographic  investigations  (a  width  of  10  mm  is 
obligatory) . 

The  thin  films  of  metals  and  alloys  obtained  by  the  method 
of  evaporating  and  condensing  metals  in  a  vacuum  are  extremely  mec- 
essary  in  investigating  the  oxidation  mechanism.  T0  one  degree  of 
another  they  model  the  massive  samples  as  to  chemical  composition 
and  are  standards,  and,  likewise,  they  permit  one  in  a  short  inter¬ 
val  of  time  to  determine  the  temperature  intervals  of  formation  and 
decomposition  of  the  various  phases  both  in  alloys  and  in  the  oxide 
systems.  Moreover,  the  thin  films  of  metals  can  be  used  for  pre¬ 
cision  investigation  of  the  primary  stages  (adsorbtlon,  dissolution, 
and  formation  of  the  oxide  phases)  of  oxidation  at  low  and  medium 
tenoeratures  (from  180-500°)  by  the  monometric  and  micro-weighing 
methods,  for  this  purpose,  one  may  employ  samples  of  thin  sheet 
iron  or  foil  O.O5-O.3  mm  thick.  In  all  cases  of  the  use  of  samples 
jTi  the  form  of  thin  films  or  made  of  thin  sheet  iron  or  foil,  one 
must  see  to  it  that  the  two  fronts  of  the  reaction  (or  limits  of  the 
dissolution  of  oxygen)  shifting  from  the  0uter  limits  on  the  two  sides 
of  the  sample  to  its  central  inner  limit  are  not  closed  in  the  oxi¬ 
dation  of  the  plate  samples.  In  the  oxidation  of  thin  metal  films 
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the  front  of  the  reaction  (or  limit  of  dissolution  of  oxygen) 
must  not  approach  the  surface  of  the  underlay  on  which  this  film 
lies.  If  this  precaution  is  not  taken,  the  kinetic  curves  on  the 
weight-increase  and  time  coordinates  will  have  an  asymptotic  march 
and  an  erroneous  conclusion  may  be  drawn  about  the  heat  resistance 
of  the  given  metal  or  alloy. 

Treatment  of  the  surface  of  samples  before  oxidation  is  of 
great  importance  for  the  investigation  of  the  kinetics  of  oxida¬ 
tion.  In  practice,  the  following  methods  of  treating  the  surface 
are  usually  used:  mechanical  grinding  and  polishing,  etching, and 
electrochemical  polishing.  A  significant  shortcoming  in  the  mech¬ 
anical-polishing  method  is  that,  in  treating  the  sample,  the  surface 
layer  is  greatly  soiled  by  the  abrasive  material  and  by  the  particles 
of  the  oxide  film  forming  and  crumbling  away  during  the  polishing. 
Since  the  surface  of  the  sample  before  polishing  has  narrow  and  deep 
depressions  in  the  form  of  fissures  and  niches,  as  well  as  fine, 
sharp  protrusions,  these  depressions  become  filled  with  paste, 
grains  of  the  abrasive,  particles  of  metal  and  oxide  film  (while 
polishing  with  paste  or  moistened  abrasive  powder),  and  the  pro¬ 
trusions  (of  the  hangnail  type)  are  pressed  against  the  surface, 
capturing  these  products  of  polishing.  Hence,  after  polishing, 
the  surface  layer  of  the  sample  will  not  be  metallic,  but  metallo- 
ceramic  and  vitreous,  both  in  structure  and  luster. 

In  etching  and  electric  polishing,  the  metal  is  soiled  with 
hydrogen  and  the  surface  layer  soiled  by  the  products  of  electro¬ 
lytic  corrosion. 

These  shortcomings  can  be  avoided  if  the  surfaces  of  the  samples 
are  ground  on  hard  (sintered  or,  preferably,  fused)  abrasive  disks 
or  plates  In  the  form  of  razor  hones.  For  many  metals  and  alloys, 
thick  (1-2  cm)  mirror  glasses  with  different  degrees  of  grinding 
may  be  used  as  such  plates,  the  grinding  being  done  with  the  pow¬ 
dered  abrasives  used  by  glassblowers  for  grinding  and  vacuum-resetting 
of  cocks.  Boron,  titanium,  and  other  carbides  sintered  with  a  binder 
in  the  form  of  plates  are  suitable  for  grinding  the  harder  metals 
and  alloys. 

Polishing  of  samples  on  such  sintered  or  fused  abrasive  plates 
(previously  ground  to  the  necessary  degree  of  roughness)  is  done  in 
the  same  manner  as  with  emery  paper,  but  the  sample  being  polished 
must  be  moved  along  a  fresh  part  of  the  abrasive  plate  [disk]  so  as 
to  avoid  repeating  the  old  trace.  After  the  whole  surface  of  the 
abrasive  plate  has  been  used,  the  layer  of  metal  remaining  on  it  is 
wiped  off  with  a  rag  moistened  with  purified  alcohol.  with  this 
dry-grinding  method,  the  plates  themselves  are  actually  not  worn  out, 
the  grains  of  abrasive  are  not  tom  off  them,  and,  consequently, 
the  surface  of  the  sample  is  not  soiled.  The  degree  of  roughness 
achieved  by  this  grinding  is  entirely  satisfactory  both  for  kinetic 
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